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Abstract
Over the past two decades, organic semiconductors have emerged as a technologically im-
portant class of electronic materials [1]. Promising applications include organic field effect
transistors (OFETs), organic light-emitting devices (OLEDs), organic lasers, and photo-
voltaic cells. These devices have in common that they are based on organic thin films, and
that they are very sensitive to the order of these films. Contrary to traditional inorganic
electronic materials, organics are characterized by complex and covalently bonded build-
ing blocks (molecules) that are held together by weak van der Waals (vdW) interactions.
The morphology and growth of organic films on insulating substrates are of particular
interest as this configuration is used in Organic Thin Film Transistors (OTFTs) [2].
Planar Aromatic Hydrocarbons (PAHs) typically have a broad intermolecular interaction
potential energy dominated by vdW interactions. Thus, the molecule-substrate interac-
tion could play a significant role in determination of the subsequent crystalline structure.
They have a simple and planar structure and they are considered to be used as a proto-
type of polycyclic aromatic hydrocarbons due to their relatively regular molecular shape.
However, for perylene there is still a lack of systematic studies on the morphology and
the structure of perylene thin film.
In this thesis, perylene have been used as an organic semiconductor material. The ne-
cessity to understand the growth mechanism and fabrication of a highly crystalline film
led to the deposition of perylene on different substrates. These samples were deposited
with different deposition rates and different thicknesses. The influence of these deposition
parameters and substrate has been investigated by Atomic Force Microscopy (AFM) and
X-Ray Diffraction (XRD) techniques. AFM has been employed to investigate the surface
morphology of samples in real space and XRD has been used to determine the crystalline
structure of the thin-film system. A metal oxide bottom layer and low deposition rate (2
A˚/s) was found to lead to a well-ordered perylene layer.
Furthermore, for OLED applications it is necessary to have a smooth and amorphous
film because in such a device, the highest possible quantum yield is desirable. This
yield depends upon the probability of radiative electron-hole recombination which is the
highest for amorphous materials, where the electron and hole mobilities are low. Organic
Vapor Phase Deposition (OVPD) and Vacuum Thermal Evaporation (VTE) were chosen
as deposition methods to produce amorphous film. Subsequently, XRD and XRR have
been employed to investigate film morphology and structural properties. The thermal
stability of the film was examined by In situ heating-XRR technique.
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Kurzfassung
In den letzten zwei Jahrzehnten haben sich organische Halbleiter zu einer technologisch
wichtigen Klasse elektronischer Materialen entwickelt [1]. Vielversprechende Anwendun-
gen schließen organische Feldeffekttransistoren (OFETs), organische lichtemittierende
Dioden (OLEDs), organische Laser und photo-voltaische Zellen ein. Diese Bauelement
haben gemeinsam, dass sie auf organischen Du¨nnfilmen basieren, und dass sie sehr
empfindlich sind fu¨r die kristalline Struktur dieser Filme. Im Gegensatz zu den tradi-
tionellen anorganischen elektronischen Materialien, werden organische Produkte durch
komplexer und kovalent gebundene Bausteine (Moleku¨le), die durch schwache van der
Waals (vdW) Bindungen zusammengehalten werden, charakterision. Die Morphologie
und das Wachstum der organischen Filme auf isolierenden Substraten ist von besonderem
Interesse, da diese Konfiguration in den organischen Du¨nnfilm-Transistoren (OTFTs) ver-
wendet wird [2].
Planare aromatische Kohlenwasserstoffe (PAHs) haben in den Regel ein ausgepra¨gtes
Wechselwirkungspotential, das durch vdW Wechselwirkungen beherrscht wird. Daher
ko¨nnte die wechselwirkung zwischen der Moleku¨len und dem subsbtra eine bedeutende
Rolle in der Bestimmung der entstehenden kristallienen Struktur spielen. PAHs haben
eine einfache und planare Struktur und es wird uberlegt, sie wegen ihrer verha¨ltnisma¨ßig
regelma¨ßigen molekularen Form, als Prototyp der polyzyklischen aromatischen Kohlen-
wasserstoffe zu benutzen. Fu¨r Perylene jedoch gibt es immer noch ein defizit an system-
atischen Untersuchungen u¨ber die Morphologie und die Struktur in du¨nnen Filmen.
In dieser Dissertation ist Perylene als organisches Halbleitermaterial benutzt worden. Die
Notwendigkeit, den Wachstummechanismus und die Herstellung eines hochgradig kristal-
lenen Filmes zu verstehen, fu¨hrte zur Deposition von Perylene auf unterschiedlichen Sub-
straten. Diese Proben wurden mit unterschiedlicher Deposition und unterschiedlicher
Schichtdicke hergestellt. Der Einfluß dieser Deposition parameter und des substrats
ist mit der Rasterkraftmikroskopie (AFM) und der Ro¨ntgenbeugung (XRD) untersucht
worden. AFM ist eingesetzt worden, um die Oberfla¨chenmorphologie der Proben im
realen Raum zu erforschen und XRD ist verwendet worden, um die kristalliene Struktur
des Du¨nnfilmsystems zu bestimmen. Es wurde heraus gefunden, dass eine Metalloxid-
Unterschicht und eine niedrige Depositionrate (2 A˚/s), zu einer sehr geordneten Peryle-
neschicht fu¨hren.
Weiterhin ist es fu¨r OLED Anwendungen notwendig, einen glatten und amorphen Film zu
haben, weil in diesen Bauelementen, die ho¨chstmo¨gliche Quantenausbeute erstrebenswert.
Diese Ausbeute ha¨ngt von der Wahrscheinlichkeit der strahlenden Elektron-Loch Rekom-
bination ab, die fu¨r amorphe diejenigen Materialien am ho¨chsten ist, in denen die mo-
bilita¨t der Elektronen und Lo¨cher niedrig ist. Organischer Dampf-Phase Deposition
(OVPD) und Vakuumthermische Verdampfung (VTE) wurden als Depositionsmethoden
gewa¨hlt, um amorphe Filme herzustellen. Anschlißend wurder XRD und XRR Messun-
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gen durchgefu¨hrt, um die Filmmorphologie und strukturellen Eigenschaften zu bestim-
men. Die thermische Stabilita¨t des Films wurde untersucht, indem die Probe bei XRR
Messungen in situ geheizt wurde.
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VWith them the seed of wisdom did I sow,
And with mine own hand wrought to make it grow;
And this was all the Harvest that I reap’d-
”I came like Water, and like wind I go.”
Omar Khayyam: Iranian mathematician, philosopher and poet
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1 Introduction
Organic semiconductors are a fascinating class of materials with a wide range of properties.
The interest in organic electronics is motivated by increasing demands of supplementing
Si-based electronics with materials that offer easier processing methods in conjunction
with functionalization by chemical manipulation. Their compatibility with light-weight,
mechanically flexible plastic substrates make them possible candidates for future electronic
devices. Because the number of organic substances is overwhelmingly larger than that of
inorganic materials, and also because the properties of organic materials can be tailored
by molecular engineering with less difficulty than inorganic materials, incorporation of
organic thin films in devices provides unique versatility for the designers. It was suggested
that if this field continues to progress at its current rapid pace electronics based on
organic thin-films materials will soon become a mainstay of our technological existence
(S. Forrest [3]).
The successful development of such applications thereby strongly depends on the optical
and electrical properties of the different organic materials in use since they determine the
suitability for the development of optoelectronic devices. The probable applications in
optical and electronic devices require different properties. For optical applications it is
important for the molecular film to have an amorphous structure and smooth surfaces.
The highest possible quantum yield, which is desirable in organic light emitting device
(OLED), depends upon the probability of radiative electron-hole recombination. Because
the quantum yield is highest for amorphous materials, the absence of long-range order
together with smooth surfaces can result in efficient radiative recombination.
On the other hand, electrical applications require highly ordered and monocrystalline
structures [4, 5]. This demonstrates that the structure of the organic layers that form
during deposition plays a decisive role. The morphology of these films does not only
depend on the parameters chosen for the deposition process, but is also affected strongly
by the underlying substrate. It has been speculated that large grains and a layer-by-
layer growth of the films are favorable conditions to obtain high charge carrier mobility.
It means that an improved internal ordering of the organic thin films could enhance
field effect carrier mobilities, together with increased electrical conductivity and with
reduced activation energy for electrical conductivity [6–8]. The key elements for device
performance are the structure of the functional organic layer and the charge injection from
metallic contacts. Therefore, a thorough understanding of the structure and morphology
of organic films together with the understanding of metal-organic interfaces is essential
for applications in future devices [9].
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In this study the examined organic crystalline material is perylene, which is evaporated as
a thin film. The most interesting topic in question for future optoelectronic applications
focuses on a correlation between the mobility and the crystalline structure and morphology
of this material. Several fundamental questions are related to the growth of organic thin
films, including the following subjects:
• The influence of the organic-inorganic interface on the growth process and the struc-
ture of a thin film,
• The influence of strain on the growth process and the mechanisms of strain relax-
ation,
• The relation between the bulk structure and the thin film structure,
• and the thermal stability of the films.
The number of interesting organic compounds is very large. In order to understand the
properties these complex materials have in common, specific model systems are necessary.
One of these systems is the aromatic pigment molecule perylene.
Perylene is an aromatic hydrocarbon (C20H12) consisting of five benzene rings. The crys-
talline structure of perylene was first measured by Donaldson et.al. [10] and refined later
by Camerman et. al. [11]. So far, perylene and its thin films on metals have been inves-
tigated only sporadically [9, 12, 13]. For example, when perylene is deposited on gold,
the molecule-substrate interaction changes significantly in comparison with the perylene
deposited on metallic oxide. This can result in a different film morphology. In this
case, the long axis of the molecule is parallel to the substrate, as it has already been
observed for a variety of other organic molecule-on-metal systems [9, 14–17]. For a range
of other substrate surfaces, namely Ag(110), Ag(111), Au(110), and Au(111), the adsorp-
tion of perylene has also been investigated [9, 13, 14]. There are also some studies on
self-assembled monolayers (SAMs) to understand the mechanism of growth on modify-
ing layer [8, 18]. However, in these studies only some monolayers have been investigated
and it is not clear whether the observed structures are also characteristic for thicker films.
Therefore, an improved understanding of thin film growth would be enabled by knowledge
of the intermolecular bonding energetics [19].
In this work, we present a systematic growth study of the perylene layer deposited on
Al2O3 and gold by VTE with various growth parameters. The molecules tend to form
standing up ordering on top of the Al2O3 substrate surface. This arrangement is expected
to induce a high crystalline quality of the film [20]. However, in the case of deposition
of perylene layer on Au substrate the arrangement of the molecule is laying down on the
surface and form a weak crystalline layer [21]. In order to analyze the morphology and
the structure of perylene deposited on different substrate, the samples and substrates are
examined by Atomic Force Microscopy in this study. Furthermore, the organic layers
3are analyzed by x-ray diffraction to determine the microstrain in the films. Finally,
correlations between the results from the different methods are established and the growth
mechanism of the perylene layers is described.
Another important issue is the structure and morphology of amorphous layers. It is known
that there is a considerable dependence of the performance of OLEDs on the morphology
and structure of organic films [22, 23]. Therefore, in order to control the property of the
device, it is necessary to do a precise analysis of the film properties. In this work, a series
of experiments have been performed with different organic amorphous materials that have
been prepared with different techniques: vacuum thermal evaporation (VTE) and organic
vapor phase deposition (OVPD).
Chapter two will start with a survey of the theoretical background of thin film growth-
by putting emphasis on molecular thin film growth- and X-ray diffraction and reflection.
This work has been motivated by chapter two which lays the foundation for the intended
analysis of perylene and describing the growth of perylene. Special attention has been
paid to the discussion of X-ray reflectometry. Hence this chapter provides the information
to interpret reflectometry spectra.
Chapter three gives a detailed description of the techniques which have been used to
fabricate perylene thin films and the methods that were involved in the film characteri-
zation. In chapter four a detailed investigation of structure and morphology of perylene
films with different thicknesses (thicker than 50 nm) and different deposition rate grown
on top of Au/glass and on Al2O3/glass and Al2O3/Si layers. AFM has been employed to
investigate the surface morphology of samples in real space, and XRD has been used to
determine the crystalline structure of the thin-film system in reciprocal lattice space. In
Chapter five, we discuss our results of amorphous organic materials applicable in OLED
structure. We present the structural properties of films obtained from XRR technique and
the result of in situ heating-XRR analysis. Finally, chapter six contains a short summary
and provides some suggestions for further investigations.
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2 Theoretical background
In this chapter the general concept of thin film growth and different growth modes are
initially presented since this will be used to described different growth mechanisms of
perylene deposited with different growth parameters coming in the next chapters. Then
it will be followed by a brief section about interaction forces in molecular crystals and
special issues to organic thin film.
Then we summarize the properties of organic molecular crystals, with emphasis on the
properties of bulk crystals of small planar molecules. In this context, we introduce the
organic molecule Perylene (C20H12) which is a model system for organic semiconductors.
For the evolution of the organic thin film growth and properties it is important to in-
vestigate them by some precise analytical techniques. Among the analytical techniques,
the theoretical background of X-ray scattering (also XRD and XRR) is comprehensively
presented. XRD and XRR techniques are extensively used to investigate the organic thin
film in this work.
2.1 Thin film growth
The progress of the nucleation and the growth of thin molecular layers strongly depends on
the parameters during the deposition, e. g. the deposition rate, type of substrate and the
substrate temperature. With their impact on the growth mechanisms these parameters
also influence the properties of the resulting layer such as the charge carrier mobility,
the roughness, grain number density or the dislocation density. For the growth it can be
distinguished between two regimes:
1. The growth can take place under the equilibrium or close to it. In this regime, the
growth is determined by energetic factors. Crystal growth from the melt usually
proceeds under equilibrium conditions.
2. The growth can also occur far from the equilibrium, whereas kinetic aspects are
more important and it is performed mostly far from equilibrium. Thin film growth
is actually a non-equilibrium phenomenon (like the case of perylene thin film growth)
[24,25].
Crystal growth usually proceeds close to equilibrium, while thin film deposition is per-
formed under non-equilibrium condition. The parameter which determine which the
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growth is in equilibrium or far from equilibrium is supersaturation. Supersaturation,
σ defined as
σ = ln[
p(T1)
p(T2)
] (2.1)
the ratio of vapor pressure of film and substrate at two temperature T1 and T2 and it
is the relevant dimensionless quantity used in crystal growth to characterize the driving
force for the phase transition. Then the resulting difference in chemical potential between
vapor phase and substrate ∆µ is given by
∆µ = σkBT
In typical crystal growth experiments carried out close to equilibrium, σ is limited to a
value of the order of unity, i. e. the vapor pressure ratio is limited to factors of about three.
In order to produce near equilibrium crystal growth, high temperature are necessary for
both the substrate and deposit, otherwise no particles would be exchanged at all.
The large difference in supersaturation between thin film deposition and crystal growth
implies a conceptual difference in the description of these two situations. For atoms pass-
ing the phase boundary from the vapor to the solid phase under crystal growth conditions
only the optimum binding sites of the crystal are stable binding sites. In contrast, in thin
film deposition the large difference in chemical potential (means the large supersatura-
tion) between the two phases allows to populated a manifold of metastable sites on the
substrate, which are higher in chemical potential than for an atom in the bulk, but still
significantly lower than the gas phase chemical potential.
When dealing with thin film growth, many possibilities are to be considered, according to
the nature of the gas phase, of the equilibrium or non-equilibrium nature of the growth
process, to the growth modes (layer by layer, continuous, step flow, spiral, and etc.) and
the growth rate. It is easily understood that these varying conditions lead to very different
scenarios; yet it is not hopeless to treat some of such scenarios in a unified way, and indeed
to find the values of these parameters where the process crosses over from one scenario to
another.
Crystal and thin film growth are enormously rich subjects with many different facets and
theoretical approaches. We shall only briefly touch on selected aspects which they are
important in the present context and help to appreciate the issues related to thin film
growth.
2.1.1 Surface free energy
One approach to describe the various relevant interactions uses the concept of surface and
interface energies, γ. As it is shown in Fig. 2.1, the surface energies i. e. the relative
contributions of the free substrate surface, γs, the film surface, γf , and the film-substrate
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interface, γi are related to the different growth modes, i. e. Frank-van-der-Merwe (layer
by layer), Stranski-Krastanov (layer plus islands after a certain critical thickness), and
Vollmer-Weber (islands starting at the first monolayer).
Depending on the value these different energy parts adopt one has to distinguish between
three growth modes, which are sketched in Fig. 2.2. The case differentiation for the
distinct modes can be characterized with the help of the energy difference given by the
”Bauer-criterion”:
∆γ = γf + γi − γs, (2.2)
From this approach it can be seen that the different modes are characterized by different
surface energy values:
• Volmer-Weber: ∆γ > 0 ⇔ γf + γi > γs
When the free surface energy of the substrate has a lower value than the sum of
the free surface energy of the film and of the interfacial energy, it is energetically
most convenient for the entire system, if as little of the substrate surface as possible
is covered by the evaporated film. This means that the growing film does not wet
the substrate very well, so that the film itself minimizes its surface. In that case
the contact angle on the substrate is accordingly high. Thus, crystallites with a
height of several monolayers develop, and the low surface energy of the substrate is
a favorable condition for 3D growth. The form and the crystalline orientation of the
arising structures depend on the surface energies of the different crystal planes and
follow the demand of minimal total energy, which ”Wulff’s construction” is based
on [26].
Figure 2.1: Surface energy of a droplet of liquid in contacted with a solid surface
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Figure 2.2: Different growth modes.
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• Frank-Van der Merve: ∆γ = 0 ⇔ γf + γi = γs
Another growth mode is the Frank-Van der Merwe growth. In this growth mode
preferentially a crystal layer tends to be completed before a new layer is started
above it (Fig. 2.2). Under this condition the film grows layer by layer because
the formation of islands would enlarge the surface, which would be energetically
unfavorable. Therefore this mode is also known as layer by layer growth. In this case
complete monolayers of the evaporated material grow one after the other because
the substrate is wettened very well due to a low contact angle, which is equivalent
to a high surface energy of the substrate [24,27].
• Stranski-Krastanov: ∆γ < 0 ⇔ γf + γi < γs
When ∆γ is negative, the growing film should cover as much as possible of the
substrate for energetic reasons, which results in a good wetting of the substrate
with one monolayer of the evaporated film. Contrary to the Frank-Van der Merwe
growth the Stranski-Krastanow mode is observed for substrate-film-systems that are
not grown homoepitaxially. In that case the lattice spacings of the substrate and
the growing film are not identical. This causes a mechanical stress in the developing
layer. When the first monolayer is completed, the film initially continues to grow
layer by layer. Thus, the top layer is shielded from the influence of the substrate to
an increasing degree.
As a consequence of this phenomenon the surface energy of the substrates approaches
the surface energy of the film material γf . At the same time the interfacial energy
γi almost vanishes since the arriving material now grows onto the surface of the
already existing layer. Indeed, this film is still influenced by the substrate because
of the mechanical stress in the first underlying layers. On account of this stress the
interfacial energy is not exactly zero but a bit higher, which can be explained with a
contribution of elastic energy due to the stress. Now the growth mechanism changes
from the layer-by-layer growth to the already presented island growth since ∆γ is
positive.
2.1.2 Elementary process in thin film growth
The chain of elementary processes following the impact of a gas molecule on the surface is
schematized in Fig. 2.3. First, the molecule may be elastically reflected (without energy
exchange) and turn back to the gas, or be captured at the surface after transferring
its kinetic energy to the surface. If this transfer is total, one says that the molecule is
thermalized. The probability for a molecule being captured is expressed by the ratio of
the number of captured molecules to the total number of molecules that have hit the
surface, and it is commonly designated as the sticking coefficient.
In the case of thin film layer formation, when host molecules and guest molecules are of
different species, the contribution of each of them may result in a peculiar dependence
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of the probability of a molecule to be captured on surface coverage. For this reason, an
unambiguous definition of the sticking coefficient, α, which takes into account only guest-
molecule-surface interactions, is that of capture probability at zero degree of coverage [26].
Once adsorbed on the surface, a molecule may desorb back into the vapor or change ad-
sorption site. The probability for this process is proportional to the term exp(−Ead/kT ).
If one considers the inverse of the term for the probability, this leads to the average
time during which a molecule can migrate on the surface before it is re-evaporated. This
residence time τr can be expressed by
τr ∝ exp(Ead/kT ) (2.3)
where T is the substrate temperature, and kB is the Boltzmann constant and Ead is
surface adsorbtion potential. Actually the molecule-surface interaction is described by
a potential that is a periodic function of two coordinates parallel to the surface and
a decreasing function of a third coordinate normal to it. In other words the energy
profile of the surface has a hill-and valley morphology, the valleys corresponding to the
adsorption sites, the hills to the less visited spots, and the saddle points (like mountain
passes) to the natural routes of passage of adsorbed molecules when changing sites (see
Fig. 2.4). In most discussions of adsorption, a distinction is drawn between physisorption
and chemisorption. A molecule which is physisorbed on a surface is held to the surface by
van der Waals forces. Such a molecule undergoes no major rearrangement of its electron
clouds, and does not split up into its constituent atoms. A chemisorbed molecule, on the
other hand, has rearranged its electron clouds to obtain a more or less strong bond to the
surface atoms of the substrates.
Figure 2.3: Schematic of processes relevant in thin film growth, such as adsorption, desorption,
intra-layer diffusion (on a terrace), interlayer diffusion (across steps), nucleation and growth of
islands [26].
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Figure 2.4: Potential energy of a molecule on the surface
The adsorbed molecule may thus visit few or many adsorption sites before being desorbed.
Since adsorbed molecules spend an appreciable time on the surface, the concentration of
molecules on the surface will be greater than in the gas. This concentration of molecules
on the surface is available to undergo any necessary processes to become incorporated as
part of a growing crystal. Such processes might be migration to surface steps or surface
diffusion, or attachment to the existing islands to produces the elementary building blocks
of the crystal [25].
During surface migration or surface diffusion, the molecule can visit sites favorable to its
incorporation into the crystal which are kink sites. Desorption from a kink site back to
the surface is another possible elementary process. Incorporation and detachment can
proceed also via the step (where adsorbed molecules have a longer stay time than on the
flat surface and, hence, a higher concentration) through a step diffusion.
2.1.3 Atomistic processes in the early stages of thin film growth
It should be emphasized that thin film growth is actually a non-equilibrium phenomenon,
and equilibrium or near-equilibrium energy considerations alone cannot properly account
for all growth scenarios. Precise control of the growth and thus of the properties of de-
posited films becomes possible only after an understanding of this competition is achieved.
Here, the atomic nature of the most important kinetic mechanisms of film growth is ex-
plored. This description includes the flux of adsorbates towards the surface, atom at-
tachment to and detachment from terraces and islands, the diffusion processes on the
surface (diffusion on terraces, along steps, and around island corners) and nucleation.
Ways to manipulate the growth kinetics in order to select a desired growth mode are
briefly addressed.
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A model study of film growth typically involves deposition of a controlled amount of atoms
onto a well-characterized crystalline substrate at a prescribed set of growth conditions.
The precisely defined growth conditions, low coverages, and slow deposition rates in such
studies make it possible to decipher, at an atomic level, the rules governing the evolution
of the growth front, and to explore ways to tailor film morphology to obtain specific
characteristics.
Adatom diffusion on terraces and nucleation of islands
The diffusion of an adatom on a flat surface, or terrace, is by far the most important
kinetic process in film growth. Smooth, uniform films could not be formed without suf-
ficient surface mobility. In the extreme case of zero mobility parallel to the surface, an
adatom stays where it has landed, and the resulting growth front is always very rough.
Nevertheless, higher surface mobility does not necessarily lead to smoother films.
For low substrate temperatures the barrier height ED is expected to be much larger
than the average thermal energy kT of a molecule on a substrate. Thus, the mobility
of the molecules on the surface is confined, and its movement can be described as a
two-dimensional random walk via the equation
〈
(r(t)− r(0))2〉 = 4Dt (2.4)
with the surface diffusion coefficient D. D determines how far the admolecule can migrate
on the surface within a time t and is related to the site-to-site hopping rate of an adatom,
ν by [24,28]
D = 1/4a2ν, (2.5)
where a is the effective hopping distance between sites, and the factor 1/4 is a convention
reflecting the two-dimensional nature of surface diffusion [24].The jump rate is related to
the height of the activation barrier ED via
ν = ν0 · exp −ED
kBT
, (2.6)
where ED is the potential energy barrier from site to site. In the initial stage of growth
on a flat surface, if the deposition rate F is fixed, the value of D determines the average
distance an adatom will have to travel before (i) finding and joining an existing island
or (ii) meeting another adatom to create the possibility of nucleating a new island. As
nucleation continues, this distance decreases and eventually becomes constant. In this
steady-state regime, newly deposited atoms will predominantly join existing islands and
effectively prevent nucleation of new islands. Intuitively, the island density N should
increase with F and decrease with D and has the qualitative form [24]
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N ≈
(
F
D
)χ
(2.7)
This relation takes the form of a scaling relation between the island number density and
the ratio of the two kinetic rates D and F of the deposition process, with the scaling
exponent χ taking the value χ = i∗/i∗ + 2 for complete condensation. i∗ is the critical
island size and is defined as the size at which for the first time the island becomes more
stable with the addition of just one more atom. For a given system, i∗ depends on
temperature and supersaturation. Possible values for a critical island size greater than 1
depend on the specific bonding geometry of a given system and, consequently, the relative
magnitudes of the boundary free energy and the island cohesive energy. At sufficiently
high temperatures, the critical island size may increase because thermal energy acts as
an additional destabilizing factor [28].
Despite the vital importance of surface diffusion in film growth, accurate determination
of D in a broad range of environments has been a major challenge. The most prevalent
approach is based on nucleation theory: By counting the number of islands formed at
a constant deposition flux and different temperatures and by referring to Eq. 2.5, the
diffusion coefficient can be extracted from the relation
N ≈ D−χ ≈ exp −ED
χkT
, (2.8)
where the exponent χ is known from nucleation theory once the critical island size is
known [28].
Formation of the stable nucleus
After adsorption of the adatom during the residence time (see Eq. 2.3) a molecule can
cover the distance R on the substrate. This value is given by
R ∝ a · exp
(
Ead − ED
2kT
)
(2.9)
When the deposition rate is high, the probability for the re-evaporation of molecules is cor-
respondingly low because the molecules are then more mobile and tend to be incorporated
into stable nuclei. The clusters themselves, which form during this process, do not have a
high mobility. On account of this the cluster will not find the energetically ideal position
on the surface, either. Thus, the effect of re-evaporation can be neglected completely for
sufficiently high evaporation rates. Furthermore, the surface mobility of clusters contain-
ing several molecules is assumed to be negligibly small so that single admolecules are the
only mobile species on the surface.
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The whole situation on the substrate surface can be described with rate equations.
Thereby it has to be distinguished between stable and unstable clusters. As soon as
the cluster contains a critical number of i∗ molecules it is assumed to be stable. For
clusters with less than i∗ molecules the probability for a decay increases. The number i∗
is called the critical nucleus.
In the initial growth state the number of stable nuclei per unit area N grows very fast
whereby N is given via [24]
N ∝ Θi∗+2 (2.10)
In this equation Θ is the total coverage of the substrate by the material, which is evap-
orated. When the capture of admolecules by stable nuclei increases, which does already
happen at relatively low coverages, Eq. 2.10 is no longer valid. Stable nuclei are sur-
rounded by a dynamic region, where molecules can migrate and attach to the nucleus.
Thereby, the dynamic regions of adjacent nuclei overlap. Thus, the number of single free
molecules will decrease steadily in this dynamic region, and no more nuclei will form
because the free molecules attach to already existing ones. Thus, a saturation effect is
observed, which can be described by [24]
Nsat ∝
(
F
D
) i∗
i∗+2
exp
(
Ei∗
(i∗ + 2)kBT
)
(2.11)
where Nsat is the density of stable nuclei. F is the deposition rate, and Ei∗ is the energy
that is necessary to dissociate the cluster of the critical size i∗ into i∗ individual molecules.
The more molecules are attached to the cluster the higher is this dissociation energy Ei∗ .
If the deposition rate is lowered a smaller number of large clusters will form. Thus, the
density of nuclei as well as the surface mobility of the admolecules also depend on the
diffusion coefficient D. When D is low, the movement of the admolecules on the surface
is alloyed, and the probability for the accumulation at existing clusters decreases. In this
case many small clusters will form on the surface. If the surface mobility is increased
due to a high diffusion coefficient, the admolecules have a higher probability to reach
the existing clusters. As a consequence a small number of nuclei with a bigger size will
form. A last parameter that influences the growth according to Eq. 2.11 is the substrate
temperature. If it gets higher, the exponential term will decrease, which results in a bigger
nuclei size, too.
Manipulation of growth kinetics
We have so far described the major categories of atomistic processes important in the
initial stages of film growth. Explorations seeking improved understanding of the relative
importance of these processes have led to discoveries of various ways of rate manipula-
tion to improve the quality of films grown by vapor phase epitaxy. For example, any
2.1 Thin film growth 15
enhancement of downward diffusion would improve layer-by-layer or 2D growth. Any
enhancement of corner crossing would lead to more compact islands. Any enhancement
of surface diffusion would lead to earlier achievement of step flow growth [28].
Reduction in the island-edge barrier. A direct reduction in the island-edge barrier, in
principle, provides the most effective way to improve 2D growth.
Hindering diffusion along island edges by impurities. Slower diffusion along steps leads to
a higher density of kinks in the island edges. Typically, an atom landing on top of such
an island can hop down more easily at a kinked site than at a straight step, although the
degree of enhancement depends on the specific local bonding geometry and the step-down
mechanism.
Increase in island density. The 2D growth can be enhanced if the islands in the first
incomplete layer are small, because an atom on top of a smaller island will visit the island
edges more frequently, thereby increasing its chance to hop down. An increased island
density can be achieved in various ways, such as use of a surfactant, a nonuniform tem-
perature deposition scheme (a small dose at low temperature followed by the completion
of the layer at higher temperature), or, a nonuniform-flux deposition scheme.
2.1.4 Dislocations and spiral growth
There are two elementary types of dislocation: the pure edge dislocation and the pure
screw dislocation. The two types are illustrated in Fig. 2.5. The pure edge dislocation
may be thought of as the edge of an extra half-plane of atoms inserted in the crystal. The
screw dislocation results from shearing the lattice. A dislocation need not to be pure edge
or pure screw, but may often be of an intermediate type, and may change its type along
its length. Dislocations are produced in a crystal in various ways. Mechanical stress can
be relieved by the movement of dislocations which may start from a free surface or grain
boundary. Mechanical strain may be caused by lattice mismatch between an epitaxial
deposit and a substrate, or by rapid cooling of a large single crystal, or by sawing, slicing
lapping and polishing operations.
Dislocations also arise during the growth of a crystal. For example if an epitaxial layer
is deposited on a substrate, it may, during the initial stages of nucleation, take the form
of many unconnected island of deposit. Sometimes, each of these islands is exactly ori-
ented with respect to all the others. When the orientation is not exact, a small-angle
grain boundary is formed between the misoriented islands as they coalesce. Such a grain
boundary is, in effect, an array of dislocations. Once dislocations have been produced
in a crystal, it may be impossible for them to move out. Even when the dislocations
are mobile, as in many metals and organic films, they can be pinned in several ways,
e. g., by precipitates or by intersecting other dislocations. Perhaps the most important
pinning mechanism, so far as the electronic properties of many crystals are concerned, is
decoration of a dislocation. The strain energy around a dislocation core can be relieved if
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impurity atoms accumulate along the dislocation line. Such segregation of impurity may
impair the electronic properties of a crystal [25].
Along the center of both types of dislocation is a highly-strained region called the core.
The enthalpy of formation of a dislocation is largely associated with the strain energy in
the core [25]. A dislocation line intersecting the surface of a crystal produces a disordered
region on the surface, which may be a favorable site for nucleation. A screw dislocation
emerging at a surface produces a step. This step is not removed when more atoms are
added to it, and can therefore assist the crystal to grow by avoiding the necessity for
two-dimensional nucleation on the crystal surface. This is the famous mechanism of
Frank [25, 29]. He pointed out that the advancement of a growth front on the helicoidal
lattice plane resulting from the emergence on the surface of a screw dislocation must
evolve in a spiral, the spires of which will move away from its center, thus spreading
continuously new growth lamella over the surface.
The formation of a spiral front may be demonstrated in the most instructive way in the
case of straight steps. The resulting spiral has then a polygonal shape. Although a
straight step should have few, if any, kinks, its advancement does not encounter great
resistance, since kinks are created after adsorption of just a few molecules along it.
Lets take a crystal, on the (001)-face of which emerges a screw dislocation with a Burgers
vector equal to one intermolecular distance. The resulting helicoidal plane is shown in
Fig. 2.6. The created mono-molecular straight step, in equilibrium with the vapor, has a
[010]-orientation. At supersaturation, the step advances and remains parallel to its initial
orientation. However, since it is anchored at point B where the dislocation line emerges
on the surface, a new [1¯00]-step appears (Fig. 2.6(b)). This step is unable to grow until
its length reaches the length of the critical nucleus in the given crystallographic direction.
In the case of a square-shaped nucleus, the length of each of its sides is twice the Wulff
Figure 2.5: (a) Edge dislocation and (b)screw dislocation [25].
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Figure 2.6: a-f Successive stages of development of a polygonized spiral [26].
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distance h∗, related to the supersaturation, ∆µ (or σ) through the Thomson-Gibbs-Wulff
equation, which should be written in this two-dimensional case as [26]:
∆µ ≈ σkBT = ϑa
h∗
(2.12)
where a is the area of one molecule, ϑ is ledge free energy or line tension and σ is
supersaturation. The line tension ϑ is equal to the work(per unit length) spent when a
two-dimensional phase condensed on a substrate is cut into two halves, which remain on
the surface but are slipped apart.
When the length of the [1¯00]-step exceeds 2h∗, it starts to advance with(nearly) the same
velocity as the original [010]-step, thus giving birth to new [01¯0]-step (Fig. 2.6(c)). When
the front anchored at point B has changed its orientation four times ([010] → [1¯00] →
[01¯0] → [100] → [010]), as in Fig. 2.6(e), its further advancement takes place on top of
the initial [010]-step, and is at a distance x0 = 8h
∗ from it. After multiple repetition of
the same cycle, the spiral of Fig. 2.6(f) is formed, the equidistance between the spires
of which is equal to four times the length of the critical nucleus [26]. It is possible to
calculate x0 value from AFM images for the perylene sample. As an example we obtained
x0=0.27 µm for the sample 700 nm of perylene on top of Al2O3/glass.
2.2 Molecular crystals and thin films
Organic molecules in condensed solid phase form molecular crystals which differ consider-
ably in their mechanical, optical, and electronic properties from such traditional solid-state
objects as covalent or ionic crystals. This is due to the weak intermolecular interaction
forces of the van der Waals type, with bonding energy considerably lower than that of co-
valent or ionic bonds in atomic crystals. The lattice energy is accordingly low in molecular
crystals, which means low melting and sublimation temperature, low mechanical strength,
and high compressibility [30].
Van der Walls forces of attraction are caused by weak interactions between electrically
neutral particles. The most general form of this kind of interaction is known as dispersion
forces of attraction between nonpolar, electrically neutral molecules. It is just these forces
which are most essential in the case of crystals of aromatic hydrocarbons, such as perylene,
consisting of nonpolar molecules.
This section gives a brief description of van der Waals interaction forces determining the
electronic properties of molecular crystals. It also contains data about molecular and
crystal structure and properties of perylene.
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2.2.1 Interaction forces in molecular crystals and thin films
The structure of molecular crystals depends on several interactions. While the molecular
structure is determined by the covalent bonding, the structure of a molecular crystal
formed by electrically neutral, nonmagnetic molecules follows from the competition of
several interactions including the van der Waals interaction, the electrostatic interaction,
and, in some cases, also the hydrogen bonds. The interaction potential of two atoms i
and j with the interatomic distance rij is the Lennard-Jones potential,
φij = − A
r6ij
+
B
r12ij
(2.13)
with the constants A and B. It takes into account the attractive van der Waals interac-
tion between the fluctuating dipole moments (first term), and the repulsion between the
overlapping orbitals (second term). A simple approximation of the molecular interaction
of a one-component crystal is the sum of the interactions of the individual atoms,
φ(ij) =
∑
i,j
φij (2.14)
where is the set of distances between all atoms i and j of neighboring molecules which
interact by the van der Waals interaction. In the case of polar molecules, additional inter-
actions such as the dipole-dipole interaction and the quadrupole-quadrupole interaction
have to be taken into account. This can increase the interaction energy between adjacent
molecules by a considerable amount. Since the van der Waals interaction is an interaction
between neighboring molecules, the minimization of the intermolecular potential is often
accompanied by an increase in the packing density [16]. Most of the organic crystals are
monoclinic or triclinic and have more than one molecule in the unit cell, and in many
cases several polymorphs exist. The low crystalline symmetry becomes apparent in the
optoelectronic and electronic properties of complex organic materials [31].
An approach to the electronic states of planar molecules such as perylene can be the
separation of the σ- and the pi-electronic systems. The atomic orbitals of the carbon and
hydrogen atoms are either symmetrical or antisymmetrical with respect to the plane of
the molecule. The 2s-, as well as the 2px− and the 2py−orbitals of each carbon atom
can be combined linearly to form three sp2-hybrid-orbitals. These sp2-hybrid-orbitals and
the 2pz−orbital are orthogonal, so that the interaction between them can be neglected.
Thus, they are dealt with independently. Now it can occur that the sp2-hybrid-orbitals of
adjacent carbon atoms overlap with each other or with a 1s-orbital of a hydrogen atom.
These resulting molecular orbitals are localized between two proximate atoms in the
respective molecule, and they are occupied by σ−electrons. The resulting σ−bonds are
strong bonds. An overlap can also be observed between the remaining 2pz−orbitals of
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Figure 2.7: Overlap of 2pz-orbitals with a resulting delocalized pi-electron system
different carbon atoms in the molecule as shown in Fig. 2.7. Here the σ−bonds are
marked by black lines, and the σ−bonded hydrogen atoms are not displayed. The electrons
in these orbitals are pi−electrons, and the corresponding bonds are many-center bonds
so that the pi−electrons are delocalized over the whole molecule. The highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) are
both pi−type orbitals.
This indicates that the bonds of the pi−electrons are looser compared to the σ−electrons.
The overlap of pi−electrons of adjacent molecules is responsible for the charge transport in
organic crystals. The van der Waals force is a weak force which means that the covalent
bonding within the molecule is much stronger than the interaction between adjacent
molecules in the crystal. Therefore the electronic states can be expected to be strongly
localized, i. e. the crystal structure determines the overlap significantly.
2.2.2 Issues special to organic thin film growth
While the general considerations presented above apply to inorganic as well as organic
thin film systems, there are a few issues specific to organics (Fig. 2.8), which can lead to
quantitatively and qualitatively different growth behavior [32].
1. Organic molecules are extended objects and thus have internal degrees of freedom.
This is probably the most fundamental difference between growth of atomic and
growth of organic systems.
• The orientational degrees of freedom which are not included in conventional
growth models can give rise to qualitatively new phenomena, such as the change
of the molecular orientation during film growth (Fig. 2.8). Also, even without
considering a transition during the growth, the distinction of lying-down and
standing-up molecules is important and obviously only possible for molecular
systems.
2.2 Molecular crystals and thin films 21
Figure 2.8: Issues specific for organics in the context of thin film growth. (a) Orientational
degrees of freedom, potentially leading to orientational domains. They can also give rise to
orientational transitions during growth. (b) Molecules larger than the unit cells of substrates.
Generally, this can also lead to a smearing-out of the corrugation of the substrate potential
experienced by the adsorbate.
2. The interaction potential (molecule-molecule and molecule-substrate) is generally
different from the case of atomic adsorbates, and the organic molecules bonded by
van der Walls interactions together.
• The key difference between the growth of conventional semiconductors and
organic thin films is the relaxation of the requirement for lattice matching
which, in the former materials systems, significantly limits the combination
of materials which can be grown without inducing a high density of lattice
defects. For example, due to the strong interatomic bonding characteristic of
most semiconductor materials, a close lattice match (typically with strains of
∆a/aS < 10
−3, where aS is the substrate lattice constant, ∆a = |aF − aS|,
and aF is the lattice constant of the thin film) is required when growing films
thicker than some critical value (dc) to avoid the creation of a very high density
of misfit dislocations [33]. While such mismatched epitaxy can occasionally
be useful for device applications, typically the carrier lifetimes and leakage
currents which result from the high defect densities are unacceptable, thereby
severely restricting the range of materials accessible to the device engineer
[31]. On the other hand, by reducing the cohesive force of the adlayer to the
substrate, it has been found that crystalline order can be achieved even though
the two contacting materials are highly strained, with ∆a/a exceeding several
percent in some cases. The materials which fall into this class are typically
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bonded by van der Waals (vdW) forces, and are known as ”layered” or vdW
solids. Perhaps the largest single class of vdW solids are such as anthracene,
perylene, phthalocyanines and their derivatives. Potentially, more strain can be
accommodated in these systems, where the build-up of strain leads to a critical
thickness (before the growth mode changes), this thickness can be greater for
softer materials. The different (softer) interactions with the substrate and the
corrugation of the potential have also been discussed in terms of van der Waals
epitaxy and quasi-epitaxy [31, 32].
• The importance of vdW interactions implies that the relevant temperature
scales (for evaporation from a crucible and also for diffusion on the substrate)
are usually lower. It should be emphasized, however, that the total interac-
tion energy of a molecule (integrated over its contact area with a surface) can
be substantial and comparable to that of strongly interacting (chemisorbing)
atomic adsorbates. Nevertheless, in terms of interaction energies per atom
those of the organic molecules considered here are usually weaker.
• Importantly, however, if the surface of the substrate is strongly interacting,
this results in limited diffusion and thus the evolution of well-ordered films is
hampered. In the extreme case of a very reactive surface (e. g., with dangling
bonds available), the molecules may even dissociate upon adsorption.
3. The size of the molecules and the associated unit cells are greater than that of
typical (inorganic) substrates.
• The effective lateral variation of the potential is smeared out (i.e., averaged over
the size of the molecule), making the effective corrugation of the substrate as
experienced by the molecule generally weaker than for atomic adsorbates.
• The size difference of the unit cells of adsorbate and substrate implies that
there are more translational domains (see Fig. 2.8(b)).
• Moreover, organics frequently crystallize in low-symmetry structures, which
again can lead to multiple domains (not only translational, but also orienta-
tional domains). Importantly, both are a source of disorder, in addition to
those known from inorganic systems (e. g., vacancies).
Generally, most of the above points directly or indirectly impact the interactions and thus
also the barriers experienced during diffusion. Thus, not only the static structure, but
also the growth dynamics exhibit differences compared to the inorganic systems.
2.3 Planar aromatic molecules
That organic molecules can indeed form crystals, is not self-evident. The crystallization
may be complicated by the low symmetry of a molecule. This represents a major difficulty
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in the structure determination of macromolecular crystals such as proteins. Therefore, a
considerable effort has been focused on the study of a special class of organic materials,
the small planar aromatic molecules (Fig. 2.10). These molecules form a crystalline
film and they consist of several carbon between rings which ensure the planarity of the
molecular core, and may be modified by functional endgroups.
Planar Aromatic Hydrocarbons (PAH) have served during the last decades as the basic
model compounds for organic molecular crystal studies. The most famous molecules in
this respect are anthracene, pentacene and perylene which have become a rather favored
object in experimental, as well as in theoretical studies in a large number of laboratories
working in the field of organic solid state physics and chemistry. Their often relatively
simple, almost rectangular shape facilitates a dense packing. Hence, the crystallization
of these molecules is favored. Frequently, the molecules form stacks perpendicular to the
molecular plane.
2.3.1 Perylene
Perylene (C20H12) has served as the active material in electrical devices. It consists of
five benzene rings which form an almost flat plane. A schematic view of this molecule is
presented in Fig. 2.9. Perylene and its derivatives have been widely used for experimental
testing of the basic concepts of organic crystal growth theory.
Figure 2.9: Schematic view of the chemical structure of perylene.
Many basic electronic and optoelectronic properties of organic semiconductors can be
studied for this molecule. In the following, we give a short summary of the results of
previous studies of the perylene bulk material and thin films on different substrates, as
far as they are relevant for the present study.
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2.3.2 Perylene crystalline structure
Figure 2.10: The four basic aromatic crystal packings as exemplified by naphthalene (herring-
bone), coronene (γ), pyrene (sandwich) and tribenzopyrene (β) [34].
According to the Robertson’s classification, it is modified to define four basic structural
types for aromatic hydrocarbons (see Fig. 2.10). The simplest pattern that can be iden-
tified is the herringbone motif. In this structural type, like Naphthalene, two nonparallel
near-neighbor molecules exist in a unit cell and C...C nonbonded interactions are between
nonparallel nearest neighbor molecules and there are two molecules in each unit cell. In
the second type, i. e. in pyrene, which is called sandwich herringbone or sandwich, the her-
ringbone motif is made up of sandwich-type diads. In this motif two pairs of molecules are
sandwiched in each unit cell. In the third type, the main C...C interactions are between
parallel translated molecules; a sort of flattened-out herringbone, called γ can be defined.
All these structures also obtain crystal stabilization from C...H interactions. A fourth type
is a layered structure made up of graphitic planes. This is labeled β and is characterized
by strong C...C interactions without much contribution from structure [30,34].
Perylene belongs to the second lattice type. Owing to the dimer structure of closely
spaced parallel molecules in the lattice, perylene crystals exhibit some unusual optical
properties. Therefore, it was for almost two decades among the most frequently used
crystals for optical studies [35, 36].
Perylene with the chemical formula C20H12 has a molecular weight 242. Its crystal struc-
ture is monoclinic, belongs to space group P21/2, and there are 4 molecules in a unit
cell (Z=4). The crystallographic structure, which is presented in Fig. 2.11 has been
determined by Donaldson [10].
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Figure 2.11: (Perylene, α-form. Crystal structure projected along [010], (a), and projected
approximately parallel to the intersection line of the molecular planes and perpendicular to [010],
(b) The upside view of molecular layer is plotted. The angle between the long molecular axis of
the molecules at the origin and [010] is 89.6◦.
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α-perylene β-perylene
Crystal system monoclinic monoclinic
a [A˚] 11.35 11.27
b [A˚] 10.87 5.88
c [A˚] 10.31 9.65
β [◦] 100.8 92.1
V [A˚3] 1249 394.3
Z 4 2
Table 2.1: Crystallographic data for perylene crystals [30].
Perylene crystallizes in two crystallographic forms: α-perylene, having a dimer pyrene-
like structure with four molecules in a unit cell, and β-perylene, having a herringbone
crystal structure with two molecules in each unit cell. The crystallographic data for both
forms are given in table 2.1. In the α-perylene unit cell (see Fig. 2.11) the four almost
planar perylene molecules in the unit cell are grouped in sandwich pairs about centers
of symmetry at (000) and (1/2,1/2,0); the mean planes of the molecules in each pair are
therefore parallel. The perpendicular distance between the planes is 3.46 A˚.
The formation of α or β structure depends on the conditions of crystal growth. α-perylene
usually forms rectangular yellow crystals of monoclinic symmetry. The melting point of
α-perylene is at 266-268 ◦C. β-perylene usually forms small hexagonal greenish yellow
prisms, also of monoclinic symmetry. Both forms belong to the P21/a space group. α-
perylene changes into the β- form at about 140 ◦C. At and below room temperature both
forms are stable, and no transition is observed at lower temperatures.
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2.4 X-ray scattering
X-ray analysis techniques employ the interaction between x-rays and the electrons of the
samples. This implies that x-rays are sensitive to the changes of the electron density of the
sample structure. This fact explains the applicability of x-rays for real structure deter-
mination. In this work, two x-ray scattering techniques namely x-ray diffraction (XRD)
and x-ray reflection (XRR) have been employed. In both techniques, the measurement
consists of monitoring the intensity of an x-ray beam diffracted or reflected, respectively,
from a sample relative to the intensity of the incident beam, as a function of the scattering
vector ~K , defined as ~K = ~k0 -
~´
k, where ~k0 and
~´
k are the incident and reflected wave
vectors respectively.
Figure 2.12(a) illustrates the diffraction from crystal planes while Fig. 2.12(b) shows
reflection of a plane wave incident at an angle αi, to an ideal plane interface. The surface
sensitivity is based on the fact that for this wavelength the index of material is slightly
smaller than unity. Total external reflection occurs if the angle of incidence of the im-
pinging x-rays is sufficiently smaller than the critical angle of total external reflection.
This limits the penetration depth and the scattering to the near surface region. In the
following section the theoretical background of X-ray diffraction and X-ray reflection are
described
2.4.1 X-ray Diffraction
X-ray diffraction was used in this work to determine the structure of the organic film.
Figure 2.12(a) shows Bragg scattering which describes the scattering of x-rays from
the lattice planes of a crystalline structure. The peak profile analysis for the perylene
film was also performed to investigate the vertical crystalline grain size and microstrains.
Crystalline structures lead to characteristic reflection patterns due to the phase difference
between the photons scattered at each individual lattice plane. The position, shape
and intensity of these reflection peaks provide detailed information about the structural
properties of the sample. W. L. Bragg (1913) showed that for constructive interference
to occur the condition,
nλ = 2d sin θ, (2.15)
should be satisfied and d, θ, n, and λ are the interplanar spacing, the angle of the lattice
planes with respect to the incident x-ray beam, order of diffraction, and the wavelength
of the x-ray beam, respectively. This famous relation is known as Bragg’s law and it
states the essential condition which must be met if diffraction is to occur. n may take on
any integral value consistent with sin θ not exceeding unity and is equal to the number
of wavelengths in the path difference between rays scattered by adjacent planes. There-
fore for the fixed value of λ and d, there may be several angles of incidence, at which
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(a)
(b)
Figure 2.12: (a) shows diffraction of x-rays by a crystal and (b) demonstrates the reflection
and refraction of an incident wave polarized along y and traveling in the xOz plane of incidence.
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diffraction may occur. The rays scattered by the atoms in planes are therefore completely
in phase and reinforce one another (constructive interference) to form a diffracted beam
in the direction shown. In all other directions of space the scattered beams are out of
phase and annul one another; the result is destructive interference. Destructive interfer-
ence is therefore just as much a consequence of periodicity of atomic arrangement as is
constructive interference.
Among the quantities that can be extracted from the x-ray diffraction spectrum are:
• angular peak position
• peak width at half maximum (FWHM)
• peak profile of the Bragg reflections
• total intensity
Each of these quantities provides certain information on the microstructure of the thin
film. These include the interatomic distances (lattice parameters and inter-planar spac-
ing), grain size, strain and stress, and grain orientation (texture). In the following sections
we discuss how to derive information about the sample structure from the measured quan-
tities.
Determination of lattice parameters
Lattice constants or d-spacing value, characteristics of the symmetry and the dimensions
of the unit cell are determined by inserting the measured angular position θ in Bragg’s
equation. However, precaution should be taken because the x-ray data are always subject
to statistical and systematic errors. The former can be minimized by long counting or
exposures times.
The d-spacing measured by x-ray diffraction may be affected by the state of strain in
the film. Such strains can be caused by different crystalline defects in the film or by the
lattice misfit between the epitaxial layer and the substrate. If the strain tensor is known,
the measured d- spacing can be corrected. We will discuss strain and stress in more detail
in the following subsection.
Determination of microstrain and grain size from peak profile analysis
The X-ray powder diffraction method has been traditionally used for phase identification,
quantitative analysis and the determination of structural imperfections. In recent decades,
applications have been extended to new areas, such as the extraction of microstructural
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properties of materials. Microstructural imperfections, such as lattice defects and the
finite size of crystallites generate diffraction peak broadening. Some typical lattice defects
are:
• dislocations
• grain boundaries
• point defects
• second phase particles
• stress
• stacking faults, etc
The effect of these defects can be divided into two main types of broadening: size- and
strain broadening.
(a) Effect of grain size
The peak broadening due to the grain size can be explained in this way: Suppose for
example, that the crystal has a thickness t measured in a direction perpendicular to a
particular set of reflecting planes (Fig. 2.13). Let there be (m+1) planes in this set. We
will regard the Bragg angle θ as a variable with θB the angle which exactly satisfies the
Bragg law for the particular values of λ and d involved.
In Fig. 2.13, the rays A, D and M impinging with exactly θB onto the reflecting planes.
Ray D, scattered by the first plane below the surface, is therefore one wavelength out of
phase with A′; and ray M′, scattered by the mth plane below the surface is m wavelengths
out of phase with A′. Therefore, at a diffraction angle 2θB, rays A′, D′ and M′ are
completely in phase and re-unit to form a diffracted beam of maximum amplitude, i. e. a
beam of maximum intensity.
When we consider incident rays that make Bragg angles only slightly different from θB,
we find that destructive interference is not complete. Ray B, for example, makes a
slightly larger angle θ1, such that ray L
′ from the mth plane below the surface is (m+1)
wavelengths out of phase with B′, the ray from the surface plane. These rays cancel one
another, and so do the other rays from similar pairs of planes throughout the crystal, the
net effect being that rays scattered by the top half of the crystal annul those scattered by
the bottom half. The intensity of the beam diffracted at an angle 2θ1 is therefore zero.
It is also zero at an angle 2θ2 where θ2 is such that ray N
′ from the mth plane below the
surface is (m-1) wavelengths out of phase with ray C′ from the surface plane. We have
therefore found two limiting angles, θ1 and θ2 at which the diffracted intensity must drop
to zero.
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Figure 2.13: Effect of crystal size on diffraction
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The curve of diffracted intensity vs. 2θ will thus have the form of Fig. 2.14(a) in contrast
to Fig. 2.14(b), which illustrates the hypothetical case of diffraction occurring only at
the exact Bragg angle. The width of the diffraction curve of Fig. 2.14(a) increases as the
thickness of the crystal decreases, because the angular range (2θ1 − 2θ2) increases as m
decreases. The width B is usually measured, in radians, at an intensity equal to half of
the maximum intensity. As a rough measure of B, we can take half the difference between
the two extreme angles at which the intensity is zero. Therefore,
B =
1
2
(2θ1 − 2θ2) = θ1 − θ2. (2.16)
We now write path-difference equations for these two angles, similar Eq. 2.15 but related
to the entire thickness of the crystal rather than to the distance between adjacent planes:
2t sin θ1 = (m+ 1)λ, (2.17)
2t sin θ2 = (m− 1)λ. (2.18)
By subtraction we find
t(sin θ1 − sin θ2) = λ, (2.19)
2t cos
(
θ1 + θ2
2
)
sin
(
θ1 − θ2
2
)
= λ. (2.20)
But θ1 and θ2 are both nearly equal to θB, so that
θ1 + θ2 ≈ 2θB,
and
sin
(
θ1 − θ2
2
)
≈
(
θ1 − θ2
2
)
,
Therefore
2t
(
θ1 − θ2
2
)
cos θB = λ,
t =
λ
B cos θB
.
A more exact treatment of the problem gives
t =
0.9λ
B cos θB
. (2.21)
which is known as Scherrer formula [37]. Equation 2.21 is used to estimate the particle
size of very small crystals from the measure width of their diffraction curves. Also it is
possible to estimate the order of magnitude of this effect.
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As an example consider perylene, x-ray wavelength λ =1.5 A˚, lattice spacing d =10 A˚
and θ =27.5◦. Then for a single crystal 0.1 mm in diameter the width β, due to the small
crystal effect alone, would be about 1.5 × 10−6 radian (9 × 10−5 degree), or too small
to be observable. This perylene single crystal would contain some (105) parallel lattice
planes of the spacing assumed above. However, if the crystal were only of 2000 A˚ thick,
it would contain only 200 planes, and the diffraction curve would be relatively broad,
namely about 1.7× 10−3 radian (0.1◦), which is easily detectable by our setup.
(b) Effect of microstrain
Of the many kinds of crystal imperfections, the one we are mainly concerned with here is
microstrain because it is characteristic of the dislocation formation in perylene films. The
change in the shape of any grain is determined not only by the forces applied to the piece
as a whole, but also by the fact that each grain retains contact on its boundary surfaces
with all its neighbors. As a result of this restraint, a plastically deformed grain in a solid
usually has regions of its lattice left in an elastically bent or twisted condition. Stresses
of this kind are called microstresses, since they vary from one grain to another, or from
one part of grain to another part, on a microscopic scale. On the other hand, the stress
may be quite uniform over large distances; it is then referred to as macrostress.
The effect of strain, both uniform and nonuniform, on the direction x-ray reflection is
illustrated in Fig. 2.15. The diffraction peak from these planes appears on the right. If
the grain is then strained at perpendicular to the reflecting planes, their spacing becomes
larger than d0, and the corresponding diffraction peak shifts to lower angles but does not
Figure 2.14: Effect of particle size on diffraction curve.
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otherwise changes, as shown in Fig. 2.15(b). This peak shift is the basis of the x-ray
method for the measurement of macrostrain.
Figure 2.15: Effect of lattice strain on Debye-line width and position
In Fig. 2.15(c) the grain is bent and the strain is nonuniform; one the top (tension)
side the plane spacing exceeds d0, on the bottom (compression) side it is less than d0, and
somewhere in between it equals d0. We may imagine this grain to be composed of a number
of small regions in each of which the plane spacing is essentially constant but different from
the spacing in adjacent regions. These regions cause the various sharp diffraction peaks
indicated on the right of Fig. 2.15(c) by the dotted curves. The sum of these extra peaks,
each slightly displaced from the other, is the broadened diffraction peak shown by the full
curve and, of coarse, the broadened peak is the only one experimentally observable. We
can find a relation between the broadening produced and the nonuniformity of the strain
by differentiating Bragg law. According to the definition of strain, we have:
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strain =  =
∆d
d
, (2.22)
and from Bragg’s law
d =
nλ
2 sin θ
→ ∆d = −2nλ cos θ
(2 sin θ)2
∆θ (2.23)
∆d
d
= − cot θ∆θ (2.24)
∆2θ = −2∆d
d
tan θ → β = −2 tan θ (2.25)
where β is the microstrain induced broadening peak, due to the a fractional variation in
plane spacing ∆d/d. This equation allows the variation in strain, ∆d/d, to be calculated
from the observed broadening. This value of ∆d/d, however, includes both tensile and
compressive strain and must be divided by two to obtain the maximum tensile strain
alone, or maximum compressive strain alone, if these two are assumed equal.
(c) Extracting grain size and microstrain
Now by knowing the influence of these two different sources (grain size and microstrain)
on the peak width, it is the time to discuss on how to extract them directly from a peak
profile analysis when both are present in the film. The chief problem in determining
particle size and microstrain from peak width is to determine β from the measured βM
of the diffraction peak. The peak width is partly due to the instrument and to the grain
and microstrain. Let βs be the instrumental width, measured at half-maximum intensity,
of the peak from the reference sample. A reference sample is a sample containing huge
grains and encountering no stress during the production process. Then β is given, not
simply by the difference between βM and βs, but by the equation
β2 = β2M − β2s . (2.26)
This equation results from the assumption that the diffraction line has the shape of an
error curve [37]. Once β has been obtained from Eq. 2.26, it can be used for calculating the
grain size and microstrain. Some investigators prefer to determine the integral intensity
of a diffraction peak rather than the width at half-maximum intensity. The integral width
is given by the integrated intensity divided by the maximum intensity i. e., it is the width
of a rectangle having the same area and height as the observed peak. Equation 2.26 is
valid for both half-maximum and integral widths.
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The grain size and microstrain are two different effects while interplay with each other
and very often are not easy to separate. Krivoglaz [38] has shown that strain broadening
can be described, in general, in terms of broadening caused by dislocations. In the case
of single crystals or coarse grained polycrystalline materials, strain broadening caused by
dislocations can be well described by a special logarithmic series expansion of the Fourier
coefficients [38, 39]. In the case when grain size also plays a role the two effects, i. e.
size and strain broadening, overlap. In such cases the grain size or the properties of the
dislocation structure can only be determined by the correct separation of the two effects.
(d) The Williamson-Hall plot
The grain size and strain broadening can be separated on the basis of the different diffrac-
tion order dependence of broadening. Two classical methods have evolved during the last
five decades: the Williamson-Hall [40] and the Warren-Averbach [41] procedures. The
first is based on the full width at half maximum (FWHM) and the integral widths while
the second is based on the Fourier coefficients of the profiles. Both methods provide ap-
parent size parameters of crystallites or coherently diffracting domains and values of the
mean square strain. Strain anisotropy has been shown to be well-interpreted assuming
dislocations as one of the major sources of lattice distortions [42].
In 1949 Hall [43] proposed a method for separating the grain size and microstrain contribu-
tion to peak width that was based on the diffraction order. On the basis that size or strain
broadening are diffraction order independent or dependent, respectively, Williamson and
Hall [40] suggested that the widths β (integral width or FWHM) of the diffraction peak
profiles can be written as the sum of the two broadening effects:
β = βG + β, (2.27)
where β is the strain contribution to peak broadening and βG is the average apparent
grain size or particle size contribution and they can be replaced by their values in Eqs. 2.21
and 2.25. From a plot of the integral width β=FWHM× cos θ as a function of sin θ, the
reciprocal of the intercept gives an estimate of the apparent size t of coherently diffracting
domains and the slope is a measure of microstrain (see Fig. 2.16):
FWHM × cos θ = 0.9λ
t
+ 2|| sin θ (2.28)
This method is known as the Williamson-Hall plot [40]. It is based on the approximation
that the peak profile contributions due to the size and strain are lorentzian.
2.4.2 Grain orientation-texture
The determination of the preferred orientation of crystallites in bulk and in polycrys-
talline materials is a vital subject to many material industries. A good number of these
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Figure 2.16: Determination of vertical grain size and microstrain from Williamson-Hall plot
industries are based on the anisotropic physical properties of the crystallites. A quick
way of obtaining information on the preferred orientation from an ordinary XRD scan is
by comparing the observed peak and the calculated intensities. This is immediate evi-
dence of preferred orientation. Certain conclusions can be drawn concerning the texture
of the crystallites. For a complete description of the preferred orientation a pole figure
measurement is necessary.
A pole figure is simply the intensity of a particular Bragg diffraction peak plotted as a
function of the three dimensional orientation of the sample. Pole figure measurements can
therefore only be measured with a diffractometer which can rotate the sample through
all orientations while monitoring the diffracted intensity of the reflection. The results
are displayed as a stereographic projection. Figure 2.17 shows the expected peaks from a
normal XRD scan and the pole figure of different types of films. An amorphous film usually
shows broad peaks which is an indication of only short range order. The XRD pattern of
a polycrystalline sample shows all the expected peaks and their relative intensities usually
resemble those of a powder sample. Materials with preferred orientations can either be
said to possess fiber or sheet texture. Materials having fiber texture have rotational
symmetry about an axis in the sense that all crystal orientations about this axis are
equally probable.
In sheet texture the grains are oriented with a certain crystallographic plane hkl roughly
parallel to the sample surface, and in a certain direction [uvw] in the plane. An ideal
example is a single crystal wafer. From a normal XRD scan one cannot distinguish
between the two types of textures. The observed patterns have strong peaks which can
be identified with the same hkl planes for different orders. A pole figure measurement
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Figure 2.17: Schematic representation of the real space and the reciprocal space of different
types of films. (a) The amorphous film shows no grains and the XRD pattern consist of broad
peaks. (b) Shows a polycrystalline film where the crystallites are randomly oriented. The
XRD pattern shows all the expected Bragg lines and the relative intensities are similar to the
calculated intensities of a powder sample. The pole figure shows a broad peak due to the random
orientation of the crystallites. (c) Shows a film having fiber texture. All the crystallites have
a specific set of hkl planes parallel to the film surface but with different orientations on the
film surface. The XRD scan shows only the lines from different orders of hkl planes. The
corresponding pole figure shows a strong peak at the center and a continuous ring at a specific
angle of ψ. This ring is due to the random orientation of the crystallites about the fiber axis.
(d) Shows single crystal where a specific set of hkl planes are parallel to the crystal surface. The
XRD scan shows the same pattern as for the fiber texture but the pole figure shows no ring
as in the case of the fiber texture. In addition to the strong peak observed at the center, it is
possible to observe other sharp peaks due to the symmetry of the unit cell [44].
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will provide more information about the type of texture present. For fiber texture, a
possibility exists of an extra ring in addition to the main peak as shown in Fig. 2.17 due
to the rotational symmetry about the fiber axis [44,45].
2.4.3 X-ray reflection
An XRR experiment traditionally consists of measuring the intensity of the incident
monochromatic X-ray beam reflected by the sample as a function of the reflection an-
gle, at and above the critical reflection threshold. Therefore, regardless of whether the
incident x-ray beam is generated by a laboratory x-ray tube or a large scale source, such
as a synchrotron, the working principle is an angular scan in the vicinity of the critical
edge. However, much like x-ray diffraction, the parameter on which the reflected intensity
(and, therefore, the position of the critical edge) depends is the momentum transferred
from the incident radiation to the sample atoms, as will be shown in the following section.
For any real system, there is some non-step-function electron density n˜(z), averaged over
the x and y directions, that describes the density profile of the film. For x-rays to reflect,
rather than to merely scatter isotropically, there must be a gradient in the electron density.
A film that has several structurally different layers will also have several interfaces. The
obtained reflectivity curve will be shaped by several factors:
One, x-rays that reflect off different interfaces in a film interfere with each other, creating
a series of maxima and minima, called Kiessig fringes, the position of which depend upon
the distance between interfaces.
Two, any amount of blurring of the interfaces, roughness, will decrease the reflected
intensity, much as a poor mirror produces a dimmer reflection than a highly polished one,
since some light will be scattered off specular.
And three, the density contrast between two layers is directly related to the amplitude
of the interference fringes. The final curve is a non-linear convolution of these three
properties. For example, a large roughness can affect the slope and the amplitude of the
fringes.
Figure 2.18(a) shows a typical reflectivity curve and Fig. 2.18(b) demonstrate the effect
of density contrast, roughness, and layer thickness. Note that the reflectivity is generally
plotted on a log scale to enhance small-scale changes, and that it is usually normalized to
the Fresnel reflectivity (see below).
The scope of this section is, therefore, to provide a general overview of the XRR technique,
to report works carried out relating to it. Since the first experiments carried out in 1954
[46], XRR has proved to be a powerful tool for investigations on layered media [47–50].
XRR enables us to retrieve information on the morphological parameters (film thickness,
density and surface and interface roughness) of thin films, layered materials and devices
with 1 A˚ resolution. The variety of parameters can be described in the same way by
introducing a refractive index and solving Maxwell’s equations [47].
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(a) (b)
Figure 2.18: (a) An example reflectivity curve for a sample Alq3 film. The overall decay of the
reflectivity is governed by the roughness of the sample. The interference fringe positions depend
on the thickness of the film (and layers within the film). And the amplitude of the fringes are
determined by the density contrast of the film (as compared to the substrate and air) and the
roughness. Note that the reflectivity is usually normalized to RF and plotted on a log scale
versus q=(4pi/λ) sin θ. (b) The simulated reflectivity curves for a one layer film demonstrate the
affects of changing the density contrast, the thickness, and the roughness of the film.
An electromagnetic plane wave given by its electric field vector E(r) = E0 exp(iki.r),
∆E(r) + k2n2(r)E(r) = 0, (2.29)
where k = 2pi/λ is the modulus of the wave vector ki and λ denotes the x-ray wavelength.
In general, the index of refraction for an arrangement of N atoms per unit volume, which
my be assumed to be harmonic oscillators with resonance frequencies ωj, is expressed
as [47]
n2(r) = 1 +N
e2
ε0m
N∑
j=1
fj
ω2j − ω2 − 2iωηj
, (2.30)
where ω is the frequency of the incoming electromagnetic wave, e is the charge and m
the mass, respectively, of the electron, the ηj are damping factors, and the fj denote the
forced oscillation strengths of the electrons of each single atom. It should be noted that in
general the fj are complex numbers, fj =f
0
j + f
′
j +if
′′
j , where f
′
j an f
′′
j take into account
dispersion and absorption corrections depending on the radiation energy E. For x-rays
ω > ωj and Eq.2.30 may be replaced by
n(r) = 1− δ(r)− iβ(r), (2.31)
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with the dispersion and absorption terms
δ(r) =
λ2
2pi
reρ(r)
N∑
J
f 0j + f
′
j(E)
Z
, (2.32)
and
β(r) =
λ2
2pi
reρ(r)
N∑
J
f ′′j (E)
Z
=
λ
4pi
µ(r). (2.33)
In Eqs. 2.32 and 2.33 we have introduced the classical electron radius re = e
2/(4pi0mc
2) =
2.814× 10−5 A˚; the total number of electrons Z =∑j Zj, where Zj denotes the number
of electrons of each component of the material; the electron density ρ(r) as a function of
the spatial coordinates r = (x,y,z) = (r‖,z); and the linear absorption coefficient µ(r).
The quantities f 0j are q-dependent, where q = kf − ki is the wave vector transfer ( ki ,
kf are the wave vectors of the incident and scattered plane x-ray waves). This has to be
taken into account when measurements over a large q region are analyzed. However, in
the region of glancing incident and exit angles, αi and αf , respectively, the wave vector
transfer is small, and f 0j may be approximated wit high accuracy by f
0
j ≈ Zj. In the case
of a homogeneous medium and far away from any absorption edges, one may simplify the
expression for the refractive index to
n = 1− λ
2
2pi
reρ+ i
λ
4pi
µ. (2.34)
The measured δ values yield δ = reρλ
2/2pi ∼= 10−6 for x-rays, i. e. the real part of the
refractive index is slightly smaller than unity. The absorption β is usually one or two
orders of magnitude smaller.
For a single vacuum/medium interface the law of refraction gives cosαi = (1 − δ) cosαt,
where αt is the exit angle of the refracted radiation (see Fig. 2.12(b)). Thus, if αt = 0,
and since δ is very small, the critical angle is
αc ≈
√
2δ = λ
√
reρ
pi
(2.35)
For incident angles αi < αc the phenomena of total external reflection occurs. The x-rays
do not penetrate far into the medium. Instead, all incoming radiation is reflected (with
small losses due to absorption). The critical angle αc is usually several tenths of a degree
for most materials.
Now the reflectivity of a single perfectly smooth vacuum/medium interface will be calcu-
lated and the situation shown in Fig. 2.12(b) is considered. A plane wave in vacuum,
Ei(r) = (0,A,0) exp(iki × r) with wave vector ki = k(cosαi,0, − sinαi), hits at a grazing
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angle αi a flat surface of a medium with refractive index n = 1 − δ − iβ. The reflected
field may be described by Er(r) = (0,B,0) exp(ikf × r) with kf = k(cosαi,0, sinαi).
Here the case of s-polarized x-rays is considered, i. e. the impinging wave is linearly polar-
ized with the electric field vector in the y direction perpendicular to the (x,z) scattering
plane. From the fact that the tangential components of the electric and magnetic fields
have to be continuous at the surface Z=0, the (complex) reflection and transmission coef-
ficient rs = B/A and ts = C/A follow. One obtains the well-known Fresnel formulas [51]
rs =
ki,z − kt,z
ki,z + kt,z
, (2.36)
ts =
2ki,z
ki,z + kt,z
, (2.37)
where ki,z = k sinαi and kt,z = nk sinαt = k(n
2 − cos2αi)1/2. In the case of p-polarized
waves one gets the results
rp =
n2ki,z − kt,z
n2ki,z + kt,z
, (2.38)
tp =
2ki,z
n2ki,z + kt,z
. (2.39)
Since n is almost unity for x-rays, in practice there is no difference between the two
cases. Therefore, only the s-polarization will be considered throughout this thesis and the
subscript ’s’ is omitted in the following. The intensity RF = |r|2 of the reflected x-ray
wave (the so-called Fresnel reflectivity) is given explicitly in the small-angle regime by the
expression
RF =
(αi − p+)2 + p2−
(αi + p+)2 + p2−
(2.40)
with
p2+/− =
1
2
{
√
(α2i + α
2
c)
2 + 4β2 ± (α2i + α2c) (2.41)
being the real and imaginary part of the (complex) transmission angle αt = p+ + ip−.
Figure 2.19 shows the Fresnel reflectivity (Eq. 2.40) as a function of the incident angle
αi for a fixed value of δ = 7.56 × 10−6 (silicon, CuKα radiation) and different ratios of
β/δ. The absorption only plays a role in the vicinity of the critical angle, leading to a
rounding in this region, and is essentially negligible for larger angles of αi. The function
RF decreases rapidly for incident angles αi > αc. An expansion of Eq. 2.40 shows that
for αi > 3αc the Fresnel reflectivity may be well approximated by RF ∼= (αc/2αi)4. This
is the reason why x-ray reflectivity is six orders of magnitude and in general it is shown
on logarithmic scales.
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Figure 2.19: Fresnel reflectivity RF vs. the angle of incidence αi normalized by the critical
angle αc of a silicon/vacuum interface (αi = 0.22◦) for the wavelength λ=1.54 A˚ and different
absorption/dispersion ratios β/δ. The absorption is only of importance in the region of the
critical angle [47].
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(a)Multiple Interfaces
For practical applications the case of a system with several interfaces is much more im-
portant than that of a single surface [47,52]. In almost all cases layer systems are present
where the scattering from all interfaces has to be taken into account.
Figure 2.20: Sketch of a system consisting of N+1 layers with N interfaces. In the case of
reflectivity the condition αi = αf holds. The incident wave amplitude is normalized to unity,
T1 = 1. No wave is reflected from the substrate, i. e. RN+1 = 0.
Hence, scattering from several sharp interfaces is considered. Figure 2.20 schematically
shows a multilayer stack consisting of N interfaces at the positions zj ≤ 0. The vacuum
counts as layer 1 with the first interface at z1 = 0. The last interface is located at zN with
the underlying semi-infinite substrate (layer N+1). The refractive index of each layer, with
thickness dj = zj−1 − zj, is denoted by nj = 1− δj + iβj, ki,j and Tj are the wave vector
and the amplitude of the transmitted wave and kf,j and Rj are the corresponding values
for the reflected wave inside layer j. The impinging wave with an amplitude normalized
to unity, T1 = 1, hits the surface at the grazing angle αi. In what follows, it will be shown
how the amplitude R1 of the specularly reflected wave may be calculated. In doing so
one only has to bear in mind that the tangential components of the electric and magnetic
field vectors have to be continues at the interfaces (see Fig. 2.20).
2.4 X-ray scattering 45
As a recursive approach first described in the year 1954 in the classic paper of Parratt [46],
if Xj+1 denotes the ratio of Rj+1 and Tj+1 in layer j+1, then Xj for the layer above may
be calculated via
Xj =
Rj
Tj
= exp(−2ikz,jzj) rj,j+1 +Xj+1 exp(2ikz,j+1zj)
1 + rj,j+1Xj+1 exp(2ikz,j+1zj)
, (2.42)
where
rj,j+1 =
kz,j − kz,j+1
kz,j + kz,j+1
(2.43)
is the Fresnel coefficient of interface j (see Eq. 2.36) with kz,j = k(n
2
j−cos2 αi)1/2 being the
z component of the wave vector in layer j. In general, the substrate is much thicker than
the penetration depth of x-rays. Consequently there is no reflection from the substrate,
i. e. one may set RN+1 = XN+1 = 0 as the start of the recursion. The specularly reflected
intensity r is obtained from Eq. 2.42 after N interactions:
R = |X1|2 = |R1|2 . (2.44)
With the knowledge of R1 and T1 = 1 the amplitudes Rj and Tj inside all layers are given
recursively by
Rj+1 =
1
tj+1,j
{Tjrj+1,j exp [−i(kz,j+1 + kz,j)zj] +Rj exp [−i(kz,j+1 − kz,j)zj]} (2.45)
Tj+1 =
1
tj+1,j
{Tj exp [i(kz,j+1 − kz,j)zj]−Rjrj+1,j exp [i(kz,j+1 + kz,j)zj]} , (2.46)
with the Fresnel transmission coefficient tj+1,j = 1 + rj+1,j of interface j (see Eq. 2.37).
(b)Determination of the density of an organic layer
Because the index of refraction of all materials at x-ray wavelengths is smaller than, but
very close to unity, total external reflection occurs for all incident angles up to some
critical angle, αC . According to Snell’s Law (see Eq. 2.35) the critical angle scales with
the wavelength, and as the square-root of the density of the material.
As an example Fig. 2.21 shows a calculated reflectivity of a Alq3 (Tris-(8-
hydroxyquinoline) aluminium) film of thickness d=141 nm on a silicon substrate. The
wave length used is λ = 1.54 A˚. Since the less dense material is on top, for very
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small incident angles two critical angles, one at αi =
√
2δAlq3 = 0.15◦ and the other
at αi =
√
2δSi = 0.22◦ (see the inset of Fig. 2.21), can be seen. For larger incident
angles, αi > αc,Si, the reflectivity decreases rapidly according to the (αc/2αi)
4 law, but
with oscillations superimposed (Kiessig fringes). These oscillations stem from interfaces
of the reflected waves at the vacuum/Alq3 and Alq3/silicon interfaces. From the period
∆αi the layer thickness can be estimated. This issue will be comprehensively discussed
in the following part.
Figure 2.21: Experimental and calculated x-ray reflectivity of a Alq3 film of thickness d=141
nm. For clarity, a magnification of the region αi < 0.4◦ is shown in the inset, where two critical
angles for Alq3 and Si are visible.
(c)Determination of film thickness
The extraction of the film thickness from the XRR analysis will be discussed in this part.
Theoretically, when a x-ray beam encounters the surface of a film, a part of the beam
will be reflected directly while the remaining part will enter the film or be refracted of
the interface. In Fig. 2.22, a schematic view of different beam paths that contribute
to the reflected intensity is displayed. In the following we will focus on the optical path
difference between the two beams reflected from the film surface and the film/ substrate
interface.
According to the geometry shown in Fig. 2.22, the optical path difference of two reflected
and refracted beams is calculated in the following way:
∆S = S0 − S1, while S0 = S01 + S02, and S11 = S12 = S1/2 (2.47)
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where S0 is the optical path of reflected beam and S1 is the optical path of refracted beam
and 2a is the horizontal distance of refracted beam. According the optical path geometry
presented in Fig. 2.22:
cosα =
S01
p
=
S02
q
⇒ S02 = q · S01
p
(2.48)
and Eq. 2.47 and 2a=p+q give:
S0 = S01 + S01
p
p
= 2a · S01
p
= 2a · cosα (2.49)
where α is incident angle. The reflected beam path can be calculated employing equation
2.49:
sin β =
d
S1/2
→ S1 = 2d
sin β
(2.50)
tan β =
d
a
→ a = d
tan β
(2.51)
Refraction is the changing in the direction of a wave due to a change of velocity. It
happens when waves travel from a medium to another medium in which they have different
refractive indices. At the boundary between the media, the wave changes direction; its
wavelength increases or decreases but the frequency remains constant. Since this path
difference is an optical path difference, Snell’s law can be used:
Figure 2.22: Schematic view of reflected beam.
n cos β = cosα (2.52)
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cos2 β =
cos2 α
n2
(2.53)
sin β =
√
n2 − cos2 α
n
(2.54)
In this case, the optical path is calculated in the following way:
∆S = n · S1 − S0
= n · 2d
sin β
− 2a cosα
=
2dn
sin β
− 2d cosα
tan β
→ = 2dn
sin β
(
1− cosα cos β
n
)
=
2dn
sin β
(
1− cos2 β) = 2dn sin β
∆S = 2dn sin β = 2dn
√
n2 − cos2 α
n
(2.55)
Since the refraction is fundamentally a consequence of phase shift of different parts of
wave front, which can be regarded as tilting the wave front and causing the light rays to
be diverted, this phase shift in different media causes some constructive and instructive
refraction pattern (maxima and minima). The position of maxima or minima in the
reflection curve depend upon the density of the media. The phase shift can be calculated
as follows:
∆φ =
2d
λ
√
n2 − cos2 α+ k.pi where k = 0,1
2
and actually for any interference (constructive or destructive) the optical path should be
a factor of wavelength and it becomes
∆S = m · λ = 2d
√
n2 − cos2 α+ k · λ
In the case of nSub > nfilm (i.e. for the organic thin film) then k = 0 is regarded as
the optical path of constructive interference (maxima) and the k=1/2 value is related
to destructive interference of the beam (minima). The position of the mth constructive
interference (maximum), can be written:
m2λ2 = 4d2
(
n2 − cos2 α) = 4d2 (n2 − 1 + 1− cos2 α) (2.56)
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and derived from Snell’s law for the critical angle , we have:
n2 = cos2 αc ⇒ m2λ2 = 4d2
(− sin2 αc + sin2 α) (2.57)
The last expression called modified Bragg’s law. This equation can be used to determine
the position of the maxima for the organic material (ρorg < ρsub) :
sin2 αm = sin
2 αc +
m2λ2
4d2
and for αm,αc << 10
o it can be approximated be:
α2m = α
2
c +
m2λ2
4d2
(2.58)
In order to see the correlation between Eq. 2.58 and the experimental result, we made
a comparison in Fig. 2.23 for an α-NPD thin film (1000 A˚). The experimental result
of XRR has been simulated and the peak position is very well predicted by the modified
Bragg’s law (violet line). The modification of Bragg’s law is necessary to incorporate
a phase shift at the low denser and denser interfaces respectively and the effect of the
refraction.
One can convert Eq.2.58 from angular-space to momentum-space, which is the frequently
used space. In the momentum space for the q vector we have
~q = ~Ki − ~Kf
and in the specular reflection the z component of q is calculated as follows:
qz = 2k sinα = 2(
2pi
λ
) sinα
from which Eq. 2.49 is derived as
qm =
4pi
λ
sin(
√
α2C +
m2λ2
4d2
)
The same comparison performed in q space is seen in Fig. 2.24 and shows a good
agreement between experimental and calculation results.
By considering the modified Bragg’s law, the distance between adjacent Kiessig peaks,
which is used to calculate the film thickness can be extracted. Therefore by knowing the
position of each peak, one can calculate the distance between two successive peaks in both
angular and momentum space.
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Figure 2.23: Comparison of experiment and simulation with the the calculated peak position
(violet line) for an α-NPD thin film (1000 A˚).
Figure 2.24: The XRR curve in q-space for α-NPD thin film.
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∆α = αm − αm−1 =
√
α2c −
m2λ2
4d2
−
√
α2c −
(m− 1)2λ2
4d2
∆q = qm − qm−1 = 4pi
λ
(
sin(
√
α2c +
m2λ2
4d2
)− sin(
√
α2c +
(m− 1)2λ2
4d2
)
)
Figure 2.25: Width of each XRR peaks as a function of m(number of peak) calculated for
a-NPD film.
As shown in Fig. 2.25, the width of the XRR peaks increases with increasing incident
angle (or number of peak) and for an angle far enough from the critical angle, it reaches
its saturation value. For the determination of the thickness, this saturation value of the
peak width will be used. Form Eq. 2.58 the thickness can be derived as a function of αm
d =
mλ
2
√
α2m − α2c
(2.59)
it can be extended to yield:
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d =
λ
2
1√
α2m+1 − α2c −
√
α2m − α2c
≈ λ
2
1
αm+1 − αm
=
λ
2
1
∆α
for αm >> αc (2.60)
It means that, the XRR peak width (at an angle larger than the critical angle) can be
used for a direct estimate of film thickness, even without knowing the chemical formula
of the material (which it is necessary to know for the calculation of film density). There
is another way to calculate the thickness of the film by knowing the XRR peak position.
The modified Bragg law is the starting point of the calculation. From Eq. 2.57 it is
written as follows:
α2m = m
2 · λ
2
4d2
+ α2C
Figure 2.26: Position of the maxima of the reflection for α-NPD thin film.
By plotting α2m (position of maximas) as a function of m
2, the slope of this linear plot
is proportional to the thickness. In Fig. 2.26 this plot is demonstrated for an α-NPD
sample.
3 Experimental setup
In this chapter, the examination on the growth mechanisms of perylene is performed for
which samples were produced with different growth parameters on different substrates.
Most experiments are carried out with glass and silicon substrates, which are precoated
with a 60 nm thick layer of Al2O3. The distinct types of substrates require different
cleaning methods, which will be described in section 3.1. Al2O3 is chosen to adopt the
function of a diffusion barrier between the glass substrate and the organic layer. It is
deposited via sputtering (see section 3.1.2).
Another type of substrate for the deposition of molecular layers is a glass substrate with a
50 nm thick gold layer on top of it. This structure is chosen with regard to studies of the
growth of organic materials on metallic surfaces. For these measurements a conducting
bottom contact (gold layer) is necessary for making electrical contact. In this work the
growth of perylene on Au is examined in general to understand the different growth
mechanisms on a variety of substrates. The perylene layer is deposited in a vapor thermal
evaporator.
We have performed X-Ray Diffraction (XRD) to determine the crystalline structure of
the samples. In order to investigate the film properties, we have employed X-Ray Re-
flection (XRR) measurements. The reflected beam includes useful information about the
film structure. Therefore, by analysis of reflected beams we can characterize the film
properties such as film thickness, interface roughness and film density. The film morphol-
ogy and surface roughness of the samples were characterized by atomic force microscopy
(AFM) analysis. Optical properties of the organic film are characterized by spectroscopic
ellipsometry. This analysis provides the optical properties such as dielectric function and
optical index and consequently the thickness of the samples.
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3.1 Sample preparation
In this section, the different cleaning processes are described which were performed for
the preparation of substrates.
3.1.1 Sample cleaning
The alumina surface readily adsorbs different gases from the ambient air. Since this
surface is the insulator-semiconductor interface after the fabrication of the TFT, surface
contamination may have an important influence on the growth of the perylene layer and
consequently on transistor performance. Alumina coated wafers were stored in air for
several days prior to the perylene deposition. Therefore, the alumina surface was subject
to a cleaning procedure shortly before the evaporation of perylene.
(a) (b)
Figure 3.1: (a) Ultrasonic bath and (b) Spin-coater which both are used for substrate cleaning.
Cleaning with isopropanol and ultrasonic bath
The first step of the cleaning was performed with isopropanol(99%) in a warm ultrasonic
bath (see Fig. 3.1(a)). The cleaning procedure with isopropanol follows the steps given
below:
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• The substrates are fixed in a sample holder while is placed in a beaker with iso-
propanol.
• The beaker is put into the ultrasonic bath at 30-35◦C for 15 minutes. This procedure
is repeated three times with fresh isopropanol.
• Afterwords, the glass is removed carefully from the beaker. During this step it is
important to keep it in a vertical position and to move it quite slowly to make sure
that the liquid drains completely.
• Finally the glass is dried well with nitrogen gas and should be kept in a shielded
place to avoid new contaminations. This substrate is ready for sputtering of an
Al2O3 layer.
Cleaning with acid
When the Al2O3 layer is sputtered on a given surface, the substrates can be stored over
a period of several weeks. Before perylene is evaporated on such substrates, the top OH-
bond group and remaining impurity layers should be removed by etching the samples with
H2SO4 (≈ 98%, Merk Co.). This takes place according to the following procedure:
• A small beaker (25 ml) is filled with H2SO4.
• At the same time three 500 ml beakers are filled with ultrapure water.
• The sample is held with teflon tweezers at one edge. Then it is dipped in H2SO4
for 10 seconds.
• Directly afterward the sample is swayed in the three beakers with ultrapure water
subsequently.
• As a last step the sample is placed in the spin-coater ( see Fig. 3.1(b)), where it is
dried with 4000 rpm for 30 seconds.
• Now it has to be brought to the evaporation system immediately to avoid further
oxidation on the surface. If possible, it should therefore be stored in a small glass
tube under argon atmosphere.
The Al2O3 layers, which are deposited on silicon wafers, are only blown with nitrogen
gas before the coating with perylene takes place. This procedure is chosen, because first
tested Al2O3 layers on silicon wafers cleaned with H2SO4 have resulted in damaging of
Al2O3 layers, which was already visible for the naked eye. The contamination of alumina
by gases from the ambient is significant already after short exposure times [53]. The
evaporation of perylene on alumina was always performed right after the surface cleaning.
The substrate in the test tube was transported to and installed in an evaporation chamber.
The chamber was pumped down and perylene was evaporated on the substrate.
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3.1.2 Sputtering system
In this study, for the production of Al2O3 layers on glass or silicon substrates, the DC-
magnetron sputtering method is chosen. The schematic view of this system is presented
in Fig. 3.2. Sputtering is the method of choice for a wide range of coating applications
due to its numerous advantages over other existing film deposition techniques. Among
these advantages is deposition of very homogeneous films on large flat area substrates
such as architectural glass, displays etc. This coating technique can be carried out with
relatively high deposition rates and for a large variety of different materials. The main
disadvantage of sputtering is on material utilization.
Figure 3.2: Schematic view of the DC-Magnetron-Sputtering.
In the sputtering system used in this study, up to six targets can be inserted into the
base plate of the cylindrical vacuum chamber. They are bonded to a water cooled copper
carrier, ensuring both electrical and thermal contact. An aperture ensures that only one
target at a time can be used for deposition, and prevents the other targets from being
coated. The rotatable substrate holder is attached to the top cover opposite of the targets.
Because of the special size of our samples (2.6 × 1 cm2), it was possible to put around
six samples in each holder resulting in a large number of samples produced under highly
reproducible conditions.
A plasma power supply with arc suppression is used to apply high voltages (up to 600
V/1,2 A) to the target. The films were produced in constant current mode. Up to 4 mass
flow controllers (MFC’s) are used to regulate the gas composition and pressure during
deposition. All of the processes were controlled by a home made computer program.
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DC-magnetron-sputtering requires the use of a conducting target, which is made from
aluminum in this case. Sputtering takes place in a chamber, which has to be evacuated
to a pressure lower than 10−5 mbar. Then the system is flooded with a non-reactive gas
- such as argon. As a next step a negative DC potential is applied at the target, which
serves as the cathode, with respect to the chamber (ground). The applied voltage leads
to the formation of a plasma in the chamber. The plasma is a quasi-neutral mixture of
positive ions, electrons and neutral particles, which interact with each other and with the
target. The energetic ions can erode the target and dislocate some atoms from its surface.
In order to initiate the sputtering process, the plasma needs to be stationary to ensure
deposition.
For the sputtering of Al2O3 oxide it is also necessary to add oxygen to the argon flow,
otherwise only pure aluminum would be deposited on the substrate. The beginning of
the oxidic phase depends on the amount of oxygen added. The change from the metallic
to the oxidic phase takes place very fast.
3.2 Preparation of perylene layer
In this section different steps of sample preparation from the substrate to sputtering the
oxide layer and deposition of the organic layer will be explained.
3.2.1 Single crystal preparation
Figure 3.3: Setup for producing single crystal
For the complimentary study of perylene thin film structures, perylene single crystals were
produced. Perylene single crystals were grown by the temperature-gradient sublimation
method. A schematic overview of the applied setup is presented in Fig. 3.3. These single
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crystals are always thin yellow brittle plates. This system consists of a quartz cylindrical
tube and a tungsten filament, which is twisted around the quartz tube. Inside this tube
there is a small glass container for perylene powder. Nitrogen gas is used as the carrier
gas, while is introduced from one side of tube and exits at the other side. As it can be
seen in Fig. 3.3, the whole system is put in a bigger quartz tube to be fixed and shielded.
Production of single crystal takes place according to the following procedure:
• The small container is filled with perylene powder.
• The two ends of the tube are fixed and the power is switched on to vaporize the
perylene powder.
• A small flow of nitrogen is introduced
• After a while, which differs from time to time, the small crystallites of perylene start
to form in one end of the tube (the side of the gas exit).
• After enough crystals are formed, the power and gas are switched off and the crystals
are carefully pulled out.
3.2.2 Evaporation of the perylene film
The vacuum chamber which is used for the resistive evaporation of the organic molecules,
is shown in Fig. 3.4(a). The shutter, the water cooling pipes and the connections to
the Quartz Crystal Microbalance (QCM) can be seen on top of it. The head lid of the
chamber is shown in Fig. 3.4(b). It consists of the shutter, the sensor head and the small
clips used for sample holding.
The perylene powder is purchased from Sigma-Aldrich and has a purity of ≥ 99.5%. The
material is filled into a crucible of quartz glass. The samples are fixed on the lower side
of the lid of the chamber with the help of small clips (see Fig. 3.4(b)). The shutter is
placed between the crucible and the sample, and then the chamber is evacuated. The
evaporation of perylene is started only when the pressure of the chamber reached 10−6
mbar.
For the production of high quality molecular thin films, it is important to guarantee stable
and reproducible conditions during the evaporation process. This aim can be reached
with the help of water cooling supplies, which are attached to the chamber externally.
Both electrodes and quartz crystal holder are cooled with the water to prevent thermal
disturbances. The cooling of the crystal is necessary to assure the thermal stability of the
crystal for reliable thickness and rate measurements. The electrodes have to be cooled to
avoid mechanical stresses in the electrical feed through, which could result in a breaking
of the vacuum.
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(a) Organic evaporation chamber (b) Lid of chamber
Figure 3.4: (a) The organic evaporation chamber and (b) the lid of the chamber consisting of
the QCM head and sample holders.
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In order to evaporate perylene, the crucible is heated electrically with the help of a
tungsten filament, which is winded around the quartz glass and presented in Fig. 3.5. A
voltage is applied to this filament. In the initial stage of evaporation the samples are
shielded from the boat with a shutter. Shielding of the sample is necessary in this step,
because there is still a considerable amount of impurities in the perylene powder and the
crucible needs some time to outgas. Furthermore, the rate has to be adjusted to a stable
value, too.
Figure 3.5: Setup of crucible
After a few minutes, the perylene starts to evaporate slowly. This process is monitored
with the microbalance in the chamber simultaneously. The monitoring is possible since
the quartz crystal is not shielded by the shutter. When the deposition rate has reached to
the desired rate and stays stable (± 0.1 A˚/s), the shutter is opened, and the film monitor
is reset. Thus, the perylene molecules can reach the substrates fixed to the lid.
During the evaporation process the deposition rate has to be observed steadily, because it
is not always as stable as desired. This might happen for example due to different grain
sizes in the perylene powder. When a big amount of perylene is evaporated at once, then
the filling level in the crucible changes considerably. After reaching the desired thickness,
the shutter is replaced in front of the sample, and the voltage is switched off. In order
to dislodge the sample and break the vacuum, first the pumps are switched off. Then by
introducing nitrogen gas into the chamber, the pressure will increase to the atmospheric
pressure.
The vertical distance between sample and the crucible is approximately 10 cm. The
evaporation of perylene from the crucible on the sample follows the principle pictured in
Fig. 3.6. The source-substrate geometry, in turn, influences the ultimate film uniformity.
Kinetic theory predicts that the molecular flow of the vapor through the enclosure with
an infinitesimal opening, follows a cosine distribution law [54]. The mass deposited per
unit area, dMS is given by:
dMS
dAS
=
Me cosφ cos θ
pir2
which depends on two angles, φ and θ (emission and incident) and the area dAS is located
at the distance r from the enclosure and Me is the total evaporated mass. When the
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Figure 3.6: Evaporation from a surface source.
evaporation is started, the few molecules, which reach the opening, leave the enclosure in
the same direction and at the same velocity.
This model for the evaporation behavior is valid for the boat filaments and wide crucibles
containing a pool of molten material to be evaporated. However, it is applicable to some
extent as well to the circular crucible used in the following experiments. Therefore, it is
important, that the quartz crystal of the microbalance and the sample are approximately
in the same position.
3.2.3 Thermal evaporation of Gold layer
The vacuum chamber, which is used for the evaporation of gold is much bigger than the
one used for the deposition of perylene. The distance between the boat and the sample
holder is ≈ 40 cm. The interior parts of chamber are covered by a bell jar made of quartz
glass, which is surrounded by a safety cage made from aluminum. This chamber can only
be pumped down to a pressure of 10−5 mbar. Therefore it is not used for the evaporation
of perylene. A tungsten boat is poured with the granular gold. The gold used has a purity
of 99.99 %. The evaporation process follows the same steps as for the perylene chamber.
Once the desired pressure is reached, the voltage is applied, and the thin film monitor of
the QCM has to be parametrized for the desire material and checks the deposition rate
and the thickness of the produced layer.
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Figure 3.7: Microbalance setup for thickness monitoring during the growth including a quartz
crystal attached to the sensor head, an oscillator and a monitor
For the control of the evaporation process with the quartz crystal microbalance two values
are required: the bulk density and the z-value. For Au the bulk density is d = 19.3 g/cm3
and the acoustic z-value is 23.2 g/cm2s. For the cleaning of the gold layers before the
coating with perylene no specific procedure is necessary because the gold surface hardly
reacts with the environment and can be stored for long times. It is simply blown with
nitrogen gas or even air, and then is ready for deposition of perylene.
3.2.4 Thickness monitoring
Thickness is perhaps one of the most important parameters in thin film deposition since
most of the properties of a thin film depend on its thickness. In situ thickness and depo-
sition rate monitoring is often indispensable for repeatable deposition of thin films. The
control of film thickness is essential in exploitation of physical phenomena arising in thin
films. The deposition rate, which is a significant parameter influencing the morphology
of the film can be deduced by measuring the thin film thickness increment over a unit of
time.
In this chapter we review two of the most commonly used methods for monitoring the
deposition rate and thickness of thin films. The first one is quartz crystal microbalance
which will be discussed in following and the other is XRR which will be recounted in the
end of this chapter.
Quartz crystal microbalance
Quartz crystal microbalances (QCM) are the most commonly used devices for monitor-
ing deposition rate. Quartz crystal thickness monitors typically include a piezo-electric
quartz crystal, sandwiched between a pair of electrodes, a monitor for rate and thickness
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measurement and a controller to automate the process. The quartz monitor crystal is
created by applying electrodes on a thin quartz disc. When the electrodes are connected
to an oscillator and an AC voltage is applied, the quartz crystal starts to oscillate at
its resonance frequency due to the piezo-electric effect. As material is deposited on the
crystal, the oscillation frequency changes; this correlates to the amount of added mass.
If a rigid layer is evenly deposited on the QCM, the resonant frequency will decrease
proportional to the mass of the adsorbed layer according to the Sauerbrey equation [55],
∆f =
−2 · f 20 · ∆m
A · (ρq · µq)1/2 (3.1)
where ∆f is the frequency change, f0 is the resonant frequency of the fundamental mode
of the crystal, ∆m is the mass change per unit area, A is piezo-electrically active area, ρq
is density of quartz (2.648 g cm−3) and µq is the shear modulus of quartz (2.947 × 1011
gcm−1× s2). The equation which relates the thickness of the deposited material onto the
crystal quartz, Hq, to the change in the crystal frequency is [55]
Hq =
Aq
pi
· ρq
ρf
· Rf
Rq
· τ · arctan
[
Rq
Rf
· tan
(
pi
τ − τq
τ
)]
, (3.2)
where Aq is a frequency constant, ρf is the film density, Rq and Rf are the acoustic
impedances of quartz and film and τq and τ are the period of uncoated crystal and coated
crystal, respectively.
The acoustic impedance is that associated with the transmission of a shear wave in the
material. The basic measurement performed by the deposition controller is the period
of oscillation. The actual film mass on the crystal is found using equation 3.2. At the
beginning of the deposition the thickness indication is zeroed, and the initial quartz
and previously deposited film masses are stored. For each subsequent measurement the
deposited mass is calculated by subtracting the initial corrected film mass from the total
film mass. In the case of normal deposition, the film thickness on the substrate, Hf , is
calculated by multiplying the film thickness on the crystal, Hq, by a quantity referred to
as the tooling factor, Tf :
Hf = Hq · Tf , (3.3)
Because there is a lateral distance between the crystal detector used for in situ monitoring
of the deposited films and the substrate, it is necessary to determine the ratio of the
respective amounts of deposit between these two surfaces. This ratio is known as the
tooling factor and is a unique quantity for a particular evaporator that depends on a
number of factors including the dimensions of the system and the evaporant [55].
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If the amount of material deposited on the crystal is too large, the crystal will fail to
oscillate. The lifetime of a QCM depends on the type and amount of deposited material.
The limitations of typical QCMs are the sensitivity to temperature and stress changes,
material non specificity, short sensor lifetime and limitations common to physical vapor
deposition techniques. Despite this, QCMs have no pressure limitations to operation,
are robust, and a correct calibration offers reliable deposition rate and film thickness
measurement.
For the following experiments a QCM from Sigma is chosen and it consists of a crystal
head, oscillator and thickness monitor which is shown in Fig. 3.7. The thin film monitor
is the model SQM-160 from Sigma, which can show the thickness accurately to 1 A˚
and displays a rate down to 0.1 A˚/s. The quartz crystal applied for our measurement
was a gold-coated crystal with 5 mHz oscillation frequency. The crystal needs regularly
checking, since when the frequency of the crystal reach to the ≈ 90% of the fisrt value, it
should be exchanged with a new one.
3.3 OVPD
Molecular organic compounds are employed as active materials in a variety of applications,
including organic light emitting diodes (OLEDs) and thin film transistors. Although pro-
cessing of organic materials is still in its infancy, widespread application of the technology
must be based upon an economical, rapid, and large scale method of film deposition.
But existing organic film deposition techniques for molecular devices are ill-suited to high
throughput production of films with sufficient quality for full color displays and solar
cells. For example, vacuum deposition of molecular materials is most appropriate for
small substrates and low throughput production.
Thus, in the inorganic semiconductor industry, vapor phase deposition may become a
foundation for the large scale growth of molecular and organic materials. Compared to
the vacuum and spin deposition techniques, OVPD gains an extra degree of freedom
by using carrier gases to transport source materials to a substrate [56–59]. If source
temperatures are controlled to within a few degrees, the relative concentrations of organic
constituents in the gas stream can be accurately varied by adjusting the carrier gas flow.
Organic vapor phase deposition OVPD is similar to vapor phase epitaxy (VPE) used in
the growth of III-V semiconductors. As shown in Fig. 3.8, the evaporation of the organic
material occurs in individual and decoupled quartz pipes. A precise amount of carrier gas,
for example nitrogen, is added into each quartz pipe by standard Mass Flow Controllers
(MFC) to carry the organic molecules. Then the organic compounds are transported in
a hot-walled reactor by an inert carrier gas towards a cooled substrate. The molecules in
the gas phase diffuse through the boundary layer onto the cooled substrate where they
condense.
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Figure 3.8: Schematic overview of OVPD system [3]
One consequence of this controlled gas phase transport technique is that no unintended
deposition of expensive organic molecules occurs in the hot wall OVPD deposition cham-
ber itself but mainly on the substrate. Virtually all of the organic materials used in the
thin film devices have sufficiently high vapor pressures to be evaporated at temperatures
below 400 C and then be transported in the vapor phase by a carrier gas such as argon or
nitrogen. This allows for positioning of evaporation sources outside of the reactor tube,
spatially separating the functions of evaporation and transport, thus leading to precise
control over the deposition process. Additionally the continuous purge of carrier gas in
OVPD prevents any contamination of parasitic surfaces, which increases the reproducibil-
ity of the deposited organic film quality. We have received plenty of organic amorphous
films deposited by the OVPD technique which will be discussed more in chapter 5 and
also is comprehensively discussed elsewhere [60,61].
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Figure 3.9: Schematic setup of AFM
3.4 Atomic force microscopy
The Atomic Force Microscope (AFM) can be used for the characterization and imaging
of surfaces in the atomic range but also for the manipulation of matter on the nanoscale.
The principle of the AFM is based on the interaction of a fine tip with the sample surface.
The tip radian can be as small as one atom and larger than 1 µm [39]. The adhesion
force, which would be necessary to separate the tip and the surface from contact, is in
the order of only 10−9 to 10−10N. To measure such forces the AFM technology has been
developed, using highly sensitive micron-sized force-sensing devices. A variety of laser-
optical techniques is also required for detecting such small changes in the interaction
forces.
The principle of the AFM is presented in Fig. 3.9. The tip is moved over the sample
surface in a raster scan, similarly to the principle of a Scanning tunneling microscope
(STM). On the contrary to a STM, which requires conducting surfaces, the AFM can also
be applied for materials that are not conducting, because the tip and the surface interact
via Van-der-Waals forces.
Thereby the tip is fixed to the lower side of a cantilever. For the precise positioning of the
sample in x-, y- and z-direction before the measurement a piezoelectric device is used. The
movement of the sample is observed via a camera and then displayed on a video screen.
Once the desired display window of the surface appears on the screen the tip is lowered
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to approach the surface. To locate the sample the tip and its surface are in contact for a
very short period of time. Then the tip is lifted again. A laser beam is directed onto the
back side of the cantilever, from where it is reflected into a photodetector.
The AFM can be operated in two different modes: contact and tapping mode. In the
contact mode, as the name suggests, the tip and sample remain in close contact as the
scanning proceeds. By contact we mean in the repulsive regime of the inter-molecular
force curve. When imaging poorly immobilized or soft samples, tapping mode may be a far
better choice than contact mode for imaging. The tapping mode is chosen for samples that
are easily damaged, because the tip is not dragged over the surface as in contact mode. In
tapping mode the tip is externally oscillated close to its resonance frequency of about 300
kHz. During the raster scan the oscillation gets modified by the tip-sample interaction
forces. This results in a change of the oscillation amplitude, which is monitored by the
laser beam. The photodetector then records the change in the direction of the reflected
laser beam and forwards this information to a computer controlled feedback loop. This
loop tells the piezoelectric device to move the sample either upwards or downwards in order
to maintain a constant force between the sample surface and the tip. Thus, the vertical
movement of the tip follows the sample profile and displays the surface morphology.
The AFM used for this study is a D3000. The rotatable disk thereby serves as sample
table and contains small holes, which are connected to a vacuum pump. This way the
samples can be fixed and do not move during the measurement. Interpreting the results of
AFM images is not always straightforward. The absolute distance between the surfaces is
usually not known exactly, and neither is the tip geometry. In addition, the fine tips and
the surfaces often deform elastically or plastically during a measurement. Moreover, it is
possible that dirt particles accrue on the tip. These effects complicate the interpretation
of AFM results.
3.4.1 Calculation the dislocation density and island number density
from AFM results
In order to calculate the average density of grains and screw dislocations in the pery-
lene films, they have counted manually from AFM images and averaged over 6 contrast-
enhanced images. In the contrast-enhanced mode the AFM images are very clear and
most of the grain boundaries and screw dislocations are clearly visible. In order to pre-
cisely determine the values, the edge-enhanced images have been utilized. An example of
these two image modes is presented in Fig. 3.10. By counting the grains and dislocations
in each image, it become possible to make a better statical average over the area.
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Figure 3.10: AFM image of perylene film deposited on Al2O3/glass substrate, taken in (a)
contrast-enhanced mode and (b) edge-enhanced mode.
3.4.2 Calculation the correlation length from AFM results
In the last two decades a theoretical framework has been established, which relates growth
mechanism to a set of scaling exponents describing the dependence of the surface rough-
ness on film thickness and lateral length scale. Much effort has been spent to theoretically
predict scaling exponents for certain growth models, as well as to determine them exper-
imentally [62]. To characterize the roughness and lateral correlation of the surface, the
radially averaged height-height correlation function (HHCF) is determined.
The HHCF can be determined experimentally by real space methods (such as AFM).
Further, we will only consider discrete approximations of the functions because we want
to apply these methods to AFM scans that are of a discrete nature typically containing
N ×N equidistant pixels. The correlation length also provides quantitative information
about the average structure sizes on the surface. The surface morphology is described
by a function, zij, that assigns to each point xi; yj a height z(xi; yj) = z(r) in Cartesian
coordinates. The 2D HHCF is defined as [63]:
C(r) = 〈[z(r0 + r)− 〈z〉] [z(r0)− 〈z〉]〉 , (3.4)
where < ... > means the average over all possible pairs in the matrix that are separated
by r = xex + yey. The z values that are taken into account in Eq. 3.4 are the deviations
from the average height 〈z〉. One can now construct a morphology and fit it with the
measured one.
There are two extreme cases of surface order: The first one is a random rough surface
that is characterized by the complete absence of long range order. If such a surface shows
3.4 Atomic force microscopy 69
a fractal behavior, i. e., the vertical roughness scales with the size of the measured area,
it is called self-similar or self affine [62].
For a surface that shows a self affine fractal behavior on a short length scale and that
is smooth on a long length scale, the height-height correlation function can be simply
rewritten as:
C(r) = σ2 exp
[−(|r| /ξ)2α]. (3.5)
α is the roughness exponent, which is related to the local fractal dimension of the surface
and σ denotes the root mean square of the deviations of the surface from the average
height level < z >. It is commonly called rms roughness and is the most used parameter
to characterize the vertical roughness of a surface or interface. It can be easily seen from
Eqs. 3.4 that C(0) = σ2 and can be simply calculated from zij:
σ =
√√√√ 1
N2
N∑
i=1
∑
Nj=1 [z(xi,xj)− 〈z〉]2. (3.6)
Figure 3.11: 1D height-height correlation function C(x) averaged over all scan lines. The
lateral correlation length ξ is determined by the 1/e fall-off of C(x).
Parameter ξ in Eq. 3.5 is called the lateral correlation length and denotes the average
length for which the heights between two surface points are correlated. ξ is a measure for
the lateral fluctuations of the roughness. There are easy ways to determine these three
roughness parameters from a given morphology. But specifically, the lateral correlation
length is characterized by the value of |r| at which C(r) decays to σ2/e (see also Fig.
3.11).
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3.5 X-ray Diffraction
In this work, a Philips X’pert MRD diffractometer was used which employs CuKα radia-
tion. This system is fully computer controlled and can be used in different configurations
depending on the required analysis. In addition, one can choose between line or point
focus. Line focus is ideal for phase analysis and reflectometry measurements while point
focus is employed for texture and stress determination. All the slits are programmable
except one slit (divergence slit in Fig. 3.12) which is employed when performing a reflec-
tometry measurement.
Figure 3.12: Overview of the Philips X’pert MRD system. PRS, PAS and PDS stand for
Programmable Receiving Slit, Programmable Anti-scatter Slit and Programmable Divergence
Slit, respectively. The sample can be rotated in any of the three eulerian directions.
In XRR measurements, both the divergence slit and detector slit of the x-ray beam were
set to (1/32)◦. A divergence of (1/32)◦ reduces the beam width to 174 µm, therefore
the problem of over-irradiating the sample at grazing angles is reduced. An automatic
value around 4mm was usually employed for the divergence slit when performing XRD
measurements.
The geometrical method was used to measure the intensity of the diffracted beam namely
a Bragg-Brentano diffraction. For the Bragg-Brentano (θ − 2θ) geometry the sample
is rotated against the primary beam at a constant angular speed, whereas the detector
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Figure 3.13: (θ-2θ) scan from a perylene sample
moves around the specimen at twice the speed. The incidence angle θ is always equal to
half of the diffraction angle 2θ. Whenever the Bragg condition is fulfilled, the incident
beam is reflected by the sample and will be detected by the detector. This reflection is
just due to the successive lattice planes parallel to the sample surface.
As an example, Fig. 3.13 shows the measurement performed for a perylene powder using
the Bragg-Brentano geometry.
3.5.1 determination of grain size and microstrain from peak profile
XRD peak broadening is affected by instrument, crystalline size and microstrain. In order
to calculate the grain size and microstrain in the film, it is necessary to initially separate
the contribution of these three different sources. After calculating the instrumental broad-
ening once, it will be directly subtract from total peak broadening. The aforementioned
method to separate the effect of grain size and microstrain is the Williamson-Hall plot
which explained extensively in Sect. 2.4.1.
Peak broadening or full width at half maximum (FWHM) of the peak is an input of
this calculation. In order to calculate the FWHM, peaks are fitted by a Lorentzian peak
function to obtain a best fit. The resulting FWHM is used in the following equation
(which was described in sect. 2.4.1):
72 Chapter 3: Experimental setup
(a) (b)
Figure 3.14: (a) shows the linear trend of FWHM × cos(θ) as a function of cos(θ) for different
perylene samples and (b) shows the Williamson-Hall plot for one of them.
FWHM × cos θ = 0.9λ
t
+ 2 sin θ (3.7)
By plotting the β=FWHM× cos θ parameter as a function of sin θ, some linear curve is
obtained as is demonstrated in Fig. 3.14(a) for some perylene samples. As shown in
Fig. 3.14(b), the reciprocal of the intercept gives an estimate of the apparent size t of
coherently diffracting regions and the slope is a measure of microstrain. It is worth to
mention that all peaks should belong to the same crystalline planes, in the case of perylene
it means that just the peaks belonging to the (100) direction should be considered in the
calculation.
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3.6 X-ray reflectometry
X-ray reflectivity can provide information on the thickness, roughness and density of
thin films. The method involves measuring the intensity of the x-ray beam reflected by a
sample at glancing angles. During subsequent analysis, the measured data are reproduced
by simulated curves, allowing film thickness, roughness and density to be determined with
a high degree of accuracy. The applicability of XRR is limited, and thickness, surface
roughness and film density determination is impossible for films with very rough interfaces
or with a large thickness, as the x-rays are not reflected sufficiently or the interference
fringes are too closely spaced. But for normal samples, for angles larger than the critical
angle Kiessig fringes appear from which the period measured allows the layer thickness
determination. The film density is given by the position of the total reflection edge (i. e.
the critical angle) since the critical angle is dependent on the density of the material. The
amplitude of the fringes will give an estimate of the surface roughness. For the rough
films the Kiessig fringes are rapidly damped. All these features are shown in Fig. 3.15.
Figure 3.15: An example reflectivity curve for a simple, one layer film. The overall decay of
the reflectivity is governed by the roughness of the sample. The interference fringe positions
depend on the thickness of the film. The amplitude of the fringes is determined by the density
contrast of the film - as compared to the substrate and air- and the roughness.
To determine thickness, density and roughness to a high accuracy, it is essential to pre-
cisely align the sample position with respect to the x-ray beam. The sample is first aligned
in the direct beam by setting the detector angle 2θ to zero and translating the sample
holder so as to halve the intensity (I0/2) of the direct beam. The parallelism of the sample
surface with the direct beam is ensured by rotating the sample about its axis (ω-scan).
During the ω-scan, the edges of the sample cut half of the beam and the intensity received
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by the detector steadily decreases with the sample rotation. If the intensity increases dur-
ing the rotation of the sample, the sample surface is too far from the beam and it must
be moved closer until the intensity decreases to half the total initial intensity. The omega
value giving half the total intensity is set to be the zero value.
A ψ-scan provides further optimization of the parallelism of the sample face with the
direct beam. The sample is moved slightly further into the beam (e.g 30 µm) before a
ψ-scan is performed. At this position, the detector should collect minimum intensity since
the sample is preventing most of the photons from reaching the detector. Thus, during the
ψ-scan a minimum value is expected when the sample surface and the beam are parallel.
Once this procedure has been carefully followed the alignment is checked by a reflectivity
measurement near the critical angle. The detector is rocked at an angle of 2θ, i. e., 2θ =
0.4◦ and an ω-scan is performed (called a rocking curve). A single peak is expected at
omega = 0.2◦ and deviation from this indicates misalignment of the sample and should
be corrected. After simulating the obtained XRR curve all the three quantities namely
density, thickness and roughness are obtained with a high precision. The density and the
thickness are determined with a precision better than 0.02 g/cm3 and 1 A˚, respectively.
3.6.1 Studying the temperature induced changes of organic films
with X-ray reflectometry
For applications of organic material the temperature stability is a crucial issue since or-
ganic materials typically have low melting points. This could make organic-based devices
unstable during operation. To precisely determine temperature induced changes of the
organic film properties, such as thickness, roughness and density, we have designed and
fabricated a device which is attached to the X-ray machine. By this technique we are able
to heat, control and measure the temperature of the sample and simultaneously perform
XRR or XRD measurement.
This system is attached to the XRD system (instead of the sample holder) and consists of a
copper heating plate, a thermocouple, a liquid nitrogen cooling system and sample holder
to hold the sample tightly in a precisely controlled position. The sample holder includes
two clips which tighten the sample on the heating plate. The head of the thermocouple
is placed between the sample and the hot plate. Figure 3.16 shows the different part of
this system. One plastic shield has been designed to enfold the sample holder. Therefore
the measurements were performed under nitrogen atmosphere in order to prevent the
oxidation of samples.
After fixing the sample properly in the system and attaching it to the XRD system, the
nitrogen enters the plastic shield and after that the heating plate is switched on to start
heating the sample. Sometimes it was necessary to perform the setup adjustment just
before starting the measurement. It takes approximately 10 minutes to reach the desired
temperature which is rather stable as seen from Fig. 3.17.
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Figure 3.16: heating system attached to the X-ray machine
Figure 3.17: Step by step heating process as a function of time
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3.7 Spectroscopic ellipsometry
Also known as polarimetry and polarization spectroscopy, the technique of spectroscopic
ellipsometry is a century old and has been used to obtain the thickness and optical con-
stants of the films. The rapid progress of this method is attributed to the advance of
computer technology and readily available software for complicated model calculations.
The method consists of measuring and interpreting the change of polarization state that
occurs when a polarized light beam is reflected at non-normal incidence from a film sur-
face [54].
However, ellipsometry itself is an indirect measurement technique. The correct interpre-
tation of measured data relies on theoretical model fittings with accurate sample structure
and corresponding optical constants. Ellipsometry uses polarized light, its sensitivity de-
rived from determining the relative phase change in a beam of reflected polarized light
and exceeds the sensitivity of an intensity reflectance measurement.
Ellipsometry can measure any material type on almost any type of substrate as long
as a specular reflection is produced. For films which are optically absorbing (metals,
semimetals, very low band gap semiconductors) ellipsometry has to be conducted in a
spectral region where the film is transparent. Dielectrics, polymers and semiconductors
are generally transparent at near-infrared wavelengths. In the case of metals, in order to
be transparent, their thickness must be less than a thickness threshold which is a function
of the extinction coefficient of the metal.
The light source is first made monochromatic, collimated, and then linearly polarized.
Upon passing through the compensator, the light is circularly polarized and then impinges
on the specimen surface. After reflection, the light is transmitted through a second
polarizer that serves as the analyzer. Finally, the light intensity is measured quantitatively
by a photomultiplier detector. The polarizer and analyzer are rotated until light extinction
occurs. The extinction readings enable the phase difference (∆e)and amplitude ratio
(tanψ), the two components of reflected light, to be determined. From these, either the
film thickness or the index of reflection can be obtained.
There, only light normally incident on the film-substrate is considered, and, therefore,
the distinction between parallel and perpendicular polarizations vanishes. But for light
incident at an angle the two components of reflectivity, r‖ and r⊥, are distinct and the
ratio of their amplitude is given by [54]
r‖/r⊥ = tanψei∆e . (3.8)
This fundamental equation of ellipsometry relates the film and substrate indices of refrac-
tion, film thickness, and phase changes during reflection at the film interfaces. Computer
programs and graphical solutions exist to enable unknown n and d values to be extracted.
For the ellipsometry measurements, the Woollam M-2000UI research ellipsometer (Fig.
3.18) was used. It is equipped with a deuterium light source and a quartz tungsten
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Figure 3.18: Ellipsometry system
halogen lamp and covers the spectral region from 0.6 eV to 5.3 eV. In the visible to UV
region, silicon CCDs are used as detectors and in the near infrared InGaAs diode arrays
operate as detectors. The angle of incidence can be varied between 38 ◦ and 90◦. The data
acquisition is based on the rotating analyzer system. The Woollam M-2000UI, its features
and modules have been extensively described in [60]. In the framework of this thesis, the
thickness values obtained from XRR method is compared with the ellipsometry results.
Theoretical models used for the interpretation of the results are described extensively
in [60].
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4 Results for the growth of perylene
Organic thin film transistors (OTFT’s) offer a promising technology for low-cost and large-
area electronics on flexible substrates. In the case of applications where current driving
capacity and switching speed are important, (poly)crystalline organic small molecule thin
films have advantages over solution-processed films because of their higher charge carrier
mobility [64].
The mobility of polycrystalline molecular thin films is intrinsically limited by the charge
carrier mobility of the molecular bulk crystal. Despite the fact that many organic bulk
crystals display charge carrier drift mobilities larger than 1 cm2/V s at room temperature,
only a few materials such as pentacene have as yet demonstrated thin-film charge carrier
mobilities approaching their bulk crystal values [65, 66]. Moreover, the crystallinity and
the morphology of the thin films have proved to be crucial in approaching maximum
mobilities. Apparently, exploitation of a molecular organic semiconductor in active layers
will not be limited so much by the intrinsic charge carrier mobility in the material but
rather by its film growth properties.
The growth of perylene with different growth parameters (thickness and deposition rate)
and on different substrates such as metallic substrate and inert substrates (i. e. a substrate
that develops only weak interactions with the physisorbed molecules) is studied in this
work. Typical examples of such inert substrates are gate dielectrics of OTFT’s [64]. The
perylene molecules crystallize with the crystalline planes parallel to the inert substrate
and with a herringbone or sandwich herringbone arrangement within the layers and are
ideal candidates for charge transport layers in OTFTs.
Different methods are used to fulfill this goal such as XRD, AFM, surface contact angle
measurement and in situ heating XRD measurements. The results of these analysis will
be explained in the following.
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4.1 Perylene single crystal
Figure 4.1: shows (a) XRD analysis and (b)AFM analysis of perylene single crystal growth
Some perylene single crystals initially have been investigated to study and determine the
crystalline structure and the growth of perylene films. It is desired to see the structural
difference between the single crystal and thin films of perylene. The perylene single
crystals were grown by thermal sublimation under Ar atmosphere using a quartz tube
heated by a metallic filament (more detailed information has been described in sec. 3.3).
The resulting single crystal was very brittle, which makes it difficult to handle and analyze.
The resulting single crystals were then analyzed by AFM and XRD. 1
The XRD measurement shows that this single crystal is highly textured and presents a
crystalline structure, with the characteristic perylene peaks (100), (200), (300), (400) and
(500) in Fig. 4.1(a). Furthermore, the AFM measurement performed for this sample
shows some molecular smooth terrace which is presented in Fig. 4.1(b). The roughness
analysis was performed for this sample and the value ≈ 3nm obtained for the surface
roughness. The parallel planes, shown in Fig. 4.1(b), are separated by a vertical distance
d. In order to measure this vertical distance, some section analysis were executed for
this AFM image. Figure 4.2 shows the different points on the surface which have been
considered in the section analysis of Fig. 4.1(b).
The section analysis of the AFM image shows an average step-height of around 10.18
A˚ which is very close to the single molecular distance and d-value obtained from XRD-
(10.12 A˚) (see Fig. 4.1(a)). The d-value in XRD is the distance between two successive
crystalline planes in one particular crystalline direction, which in this case is the (100)
direction. This similarity confirmed that the steps observed in the AFM image were
1All the AFM measurements has been performed by Phenwisa Niyamakom.
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Figure 4.2: Section analysis of a perylene single crystal.
ascertained to be the crystalline plane, since they have the same distance as a crystalline
plane is supposed to have. This means that the flat planes observed in AFM images are
the real crystalline planes. Moreover, this value is close to the lattice constant of the
c-axis in the crystalline bulk phase reported for perylene (c-value), which is around 10.26
A˚ [11].
4.2 The first perylene thin film samples and evidence of
screw dislocation
For the preliminary study a thick perylene sample was initially deposited on top of Al2O3
layer. According to the XRD spectrum, the film is highly fiber textured and all five peaks
belong to the (100) direction (see Fig. 4.3(a)). These sharp and intense peaks confirmed
the high crystalline quality of the perylene film. Since all the grains are ordered in the
c-axis, perpendicular to the surface, the film is called fiber textured. This result is also
confirmed by texture measurements. This measurement consists of three texture mea-
surements for 3 different and independent crystalline directions: (100), (110) and (111).
The expected position of these peaks has been determined by a calculation performed for
perylene. As is clear in Fig. 4.4, since all the grains are ordered in (100)direction, the
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Figure 4.3: (a) Peak intensity of XRD spectrum. (b)AFM image (scan size is 10 × 10 µm2)
show grains with screw dislocations in the 1000 nm perylene film grown on Al2O3/glass. The
film possesses c-axis texture.
only significant peak intensity is due to the (100) and there is not any signal in other two
directions.
The AFM image shows the visible screw dislocations in each grain (Fig. 4.3b)). One
remarkable observation is that the grain contains two screw dislocations that twist through
it counterclockwise (1) and clockwise (2) (in the inset of Fig. 4.3(b)). This sample gave
rise to further investigations and producing more perylene samples to determine the effect
of thickness, deposition rate and substrate on the grain and dislocation number density
as well as crystallinity.
4.3 Calculation of instrumental broadening by XRD
Theoretically, each Lorentzian XRD peak profile is a convolution of the functions that
represent both the instrumental and the sample broadening profiles (this issue is compre-
hensively described in sect. 2.4.1). By separating these two effects it is thus possible to
calculate the vertical grain size and microstrain of the perylene samples via XRD analysis.
The first step for this calculation is to find a way to estimate the instrumental broadening.
The instrumental broadening is measured by means of a Si disk, LaB6 powder and Si
powder as reference samples. These samples are regarded as reference samples for the XRD
system because their grains are so large that they have no impact on peak broadening.
Furthermore, hard powder polycrystalline materials should not be strained during the
production process, therefore it is expected that their peak broadening is only due to the
instrumental broadening. The (θ − 2θ) measurement was performed for these samples.
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Figure 4.4: Texture analysis for 1000 nm perylene film grown on Al2O3/glass.
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Figure 4.5: Instrumental broadening obtained from XRD peak profile analysis
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Figure 4.6: Comparison of instrumental broadening for reference sample
The full width at half maxima (FWHM) is then extracted for each diffraction peak. The
result are presented in Fig. 4.5.
For making a comparison, an XRD analysis was also performed for the former perylene
sample (1000 nm perylene deposited on Al2O3) and the peak profile was analyzed. Figure
4.6 shows the result. As a remarkable approach, the measured instrumental broadening
is larger than the entire broadening of the XRD peak for perylene samples (see Fig.
4.6). The peak broadening for Si and LaB6 is around 0.1 degrees (which it is due to the
instrumental broadening), while this value for perylene sample is less than 0.06 degrees.
This means that the total peak broadening of the perylene film is even lower than the
instrumental broadening. Therefore we consider no instrumental broadening in the peak
profile analysis of the perylene samples.
4.4 Effect of growth parameters on perylene film growth
In the present study, a detailed investigation of the structure and morphology of perylene
films deposited on amorphous Al2O3 has been performed. This particular bottom layer
was chosen on account of an interest in using perylene adlayers as active layers in thin
film transistors and the bottom gate is a very common concept in building thin film
transistors. Perylene thin films were produced with different thicknesses and deposition
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rates. AFM was used to investigate the surface morphology of the samples in real space.
To determine the structure of the films in reciprocal space, XRD was employed.
4.4.1 The effect of the deposition rate on the growth of perylene
Figure 4.7 shows the surface morphologies of perylene films deposited on top of Al2O3
with nearly constant thicknesses (900-1000 nm). These samples were fabricated with
different evaporation rates from 1 to 7 A˚/s. According to the results presented in Fig.
4.7, it is obvious that a larger grain size and consequently a smaller grain number density
were found at low deposition rates (1-2.5 A˚/s) and AFM images show a non-homogeneous
distribution of grain sizes.
At a higher deposition rate the grain size became smaller and the grain size was distributed
homogeneously over the surface. The inset of the corresponding AFM image clearly shows
screw dislocations, visible in each grain. The low deposition rate ( < 3 A˚/s) is more
favorable for the formation of large grains than the higher deposition rate (see Fig. 4.7.)
A large grain size is important to improve the electrical characteristics of the organic films
due to the small grain boundary density [67, 68]. The grain number density and screw
dislocation number density has been calculated for these samples and the result can be
seen in Fig. 4.8(a). As is shown in this figure, the values of the dislocation number
density and grain number density increase with deposition rate. It can be explained by
considering the scaling relation- which has been discussed previously in Sect. 2.1.3:
N ≈
(
F
D
)χ
(4.1)
between the island number density and F and D. D is the surface diffusion coefficient, F
is the deposition rate and χ the scaling exponent. By increasing F, the molecules diffuse
over a smaller surface area prior to encounter so that the grain number density increases.
This relation is only valid for initial stage of island formation; nevertheless, if there are
more nuclei in the initial layer, more islands are expected for the thicker film. The average
grain size for deposition rate of 1 A˚/s is around 2 µm, while for the highest deposition
rate (7 A˚/s) this value is approximately 0.5 µm.
As shown in Fig. 4.8(a), the dislocation number density follows the same trend as
the grain number density. This trend can be explained with the help of Fig. 4.8(b),
which shows the ratio of dislocation per each grain. This value is close to one, which
means that each grain typically includes approximately one screw dislocation, therefore
the dislocation number density must have a similar trend as a function of deposition rate.
The roughness of the films does not change remarkably with the deposition rate and is
approximately 10 nm (see Fig. 4.9(a)). In order to quantify the structure size of the
surface in more detail, the height-height correlation length of the film has been calculated
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Figure 4.7: AFM images (scan size is 10×10 µm2) show the morphologies of the 1000 nm
perylene films deposited on Al2O3 with different deposition rates 1, 2, 2.5, 3, 5 and 7 A˚/s,
respectively. The scan size of each inset is 2.5×2.5 µm2.
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Figure 4.8: (a) Dislocation and grain number density and (b) ratio of dislocation per each
grain as a function of deposition rate calculated from AFM results.
Figure 4.9: (a) Surface roughness and (b) correlation length calculated from AFM image of
perylene sample deposited on Al2O3 by different deposition rate.
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and the result is shown in Fig. 4.9(b). The value is higher at low deposition rates (< 3
A˚/s) than at high deposition rates. According to the definition of the correlation length,
this agreement between correlation length and grain size can be explained by considering
the fact that all the grains have a mound shape. Therefore the distance between each
grain top is an estimate of their lateral size.
Figure 4.10: XRD peak intensity plotted for samples with different deposition rate.
Figure 4.10 shows the XRD spectrum obtained for perylene films deposited with different
deposition rates. Even though the deposition rate changes the crystalline structure is still
the same and all grains are ordered in c-axis direction. However, for the low deposition
rate i. e. 1, 2 and 2.5 A˚/s, the diffraction intensity is higher and the grains have a better
crystalline quality. It means that the grains orientation distribution is mostly perpendic-
ular on the substrate for lower rate. The improvement of crystallinity and better ordering
of the grains at low deposition rate can be explained by the fact that arriving molecules
have more time to form a well ordered film at low deposition rate.
The microstrain value has been calculated from the XRD peak profile. The results of
the dislocation number density obtained from AFM are compared with the microstrain
value in Fig. 4.11. As a remarkable approach, microstrain and dislocation density as
a function of deposition rate show similar trends. This finding is consistent with the
dislocation strain fields as the main source of film microstrain [29,69].
4.4.2 The effect of the thickness on the growth of perylene
After determination of the best deposition rate (2 A˚/s), several perylene samples with
different thicknesses, between 50 to 1000 nm, were deposited on Al2O3/glass substrates.
This rate was selected due to the large grain size and high crystallinity of the film at
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this deposition rate. The morphology of the perylene films with different thicknesses is
presented in Fig. 4.12.
For thinner layers between 100 nm and 400 nm (Fig. 4.12(a)-(d)), the perylene grain size
is smaller (0.5-1 µm in lateral scale). The formation of dislocations is initiated for the
100nm sample. By increasing the layer thickness the surface morphology changes, which
is illustrated in Fig. 4.12(f)-(h), i. e. for the films thicker than 700 nm. The substrate
surface is covered with films consisting of large grains with a diameter of 1-3 µm in lateral
scale. The obvious increase of grain size may be understood as follows:
The mobile perylene molecules initially move over the substrate and aggregate to form a
high density of grains. During subsequent growth these grains start to overgrow on each
other as shown in Fig. 4.12(g) and 4.12(h) ( highlighted with the circle in Fig. 4.12(h)).
The grain size is small for the low thickness, hence, the grain density is large. By increasing
the thickness, the grains become larger and their number density in the unit of area
diminishes. This result is demonstrated in Fig. 4.13. Furthermore, the distribution of
grain size over the surface is not as homogeneous as for thicker film. This means that by
increasing the film thickness, the grains coalescence together and form grains of mostly
equal size. Similar to the deposition rate, the number density of dislocation in this series
has the same tendency as the grain number density and each includes approximately one
screw dislocation (see Fig. 4.16).
The average surface roughness of these samples, which is shown in Fig. 4.18(a), is around
12 nm and has no clear trend as a function of film thickness. The calculated correlation
length, which is shown in Fig. 4.18(b) has an increasing trend. Whereas the grain size
is large for the thick samples; hence, the corresponding correlation length of the surface
is large.
Figure 4.11: Comparison between microstrain obtained from XRD and dislocation density
obtained from AFM measurements.
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Figure 4.12: (a)-(g) show AFM images (scan size is 5×5 µm2) for the perylene films with
different thicknesses grown on Al2O3. Figure (h) is the edge-enhancement mode of Fig. (g) and
the part in the circle shows overgrowth.
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Figure 4.13: (a) Dislocation number density and grain number density and (b) correlation
length calculated from AFM images for the perylene films with different thicknesses grown on
Al2O3/glass.
Figure 4.14: (a) Surface roughness and (b) correlation length calculated from AFM images
for the perylene films with different thicknesses grown on Al2O3/glass.
4.4 Effect of growth parameters on perylene film growth 93
Figure 4.15: AFM section analysis confirm that at 50 nm thickness, perylene does not cover
the substrate completely.
Figure 4.16: (a) section analysis has been executed for sample (700nm)perylene/Al2O3/glass
and (b) XRD analysis d-value obtained for perylene sample deposited on Al2O3/glass with
different thickness series and compare to the single crystal and bulk d-value.
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Figure 4.17: Comparison of XRD intensity obtained for films with different thicknesses grown
on Al2O3/glass.
AFM section analysis confirm that the complete coverage occurred for the film thickness
above 50 nm and the thin perylene film with 50 nm thickness does not completely cover
the substrate (see Fig. 4.15). Furthermore, a section analysis has been performed for
the sample (700 nm)perylene/Al2O3/glass for a qualitative comparison between the layer
distance in one grain. The result obtained with AFM is comparized by the d-value of the
crystalline structure (XRD) in Fig. 4.16.
By performing the XRD analysis for these samples, its crystalline structure and crys-
tallinity are determined and presented in Fig. 4.17. As is clear from this figure, the
crystallinity and texture improved by increasing the thickness of the perylene film. This
improvement may be due to the increase the number of grains ordered in the c-direction
as a function of thickness and is reflected by sharp peaks with a high intensity.
According to the results obtained from the XRD peak profile analysis, the vertical grain
size of the perylene film is increased by raising the thickness of the film (see Fig. 4.18).
In the certain thickness around 500 nm, the vertical grain size value tends to be constant
which is due to the vertical resolution limitation of XRD (it is restricted by the attenuation
length which is less than 1 µm [70]).
4.5 The effect of the substrate on the growth of perylene
In order to study the effect of substrate and bottom layer on the morphology and struc-
ture of the organic thin film, perylene films have been deposited on top of Al2O3 layers,
sputtered on silicon substrates, and on top of Au layers, deposited on glass substrates.
The 50 nm Al2O3 thin films have been sputtered on Si and the 50 nm Au layer has been
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Figure 4.18: Grain size calculated from XRD peak profile analysis for perylene films deposited
on Al2O3/glass.
deposited on glass in a thermal evaporation system. Afterward, the perylene films were
prepared with different thicknesses at a constant deposition rate of 2 A˚/s.
XRD was used in (θ-2θ) mode to follow the evolution of the crystalline order perpendic-
ular to the substrate plane with an increasing perylene thickness grown on two different
substrates. The distance between the crystalline plane (d-value) and the crystallinity
of the films is directly realized from the XRD peak position and the XRD peak inten-
sity. The grain number density, dislocation number density and surface roughness of the
perylene films have been calculated for each sample from high contrast AFM images.
Furthermore, to characterize the lateral correlation of the surface, the radially averaged
correlation length has been calculated from the AFM images2. This provides quantitative
information about the average structure sizes on the surface. [62]
The d-value is the distance between two successive crystalline planes in one special crys-
talline direction, in this case, the (100) direction. This value is calculated for the perylene
samples deposited on different substrates (Au/glass, Al2O3/Si and Al2O3/glass) and the
result is demonstrated in Fig. 4.19. For the samples deposited on Au layer, only the
thick films (> 300 nm) show peak in XRD diffraction pattern, therefore d-value provided
only for thick films. Figure 4.19 confirmed that the measured d-value of a perylene single
crystal is very close to the value obtained for the films deposited on Si, glass and gold.
Furthermore, these resulting values show that the d-value is independent of film thickness.
The average d-value obtained from XRD for perylene thin films deposited on Al2O3/glass,
2All the calculations were performed by Azadeh Farahzadi
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on Al2O3/silicon and on Au/glass substrates, is 10.12, 10.08, and 10.16 A˚ . The difference
between these values is in the range of of error bar(0.07 A˚). XRD confirmed analysis
that for the film deposited on the Al2O3 layer, almost all grains grew in a standing-up
structure, all aligned in (100) direction, which is different from the films deposited on Au
layers. These different growth mechanisms will be discussed later.
4.5.1 Growth of perylene on Si
The choice of this particular substrate has been motivated by the interest in using perylene
adlayers as active layers in Thin Film Transistors (TFTs). Considering this interest and
the fact that a bottom gate is a common concept in building thin film transistors, it is
worth investigating the growth of perylene on Al2O3, since it is a common gate oxide
material on Si substrates.
The morphology of perylene films deposited with different thicknesses (100-2000 nm) at a
constant deposition rate of 2 A˚ /s is presented in Fig. 4.20(a)-(h). For a low film thickness
(100 nm), the perylene grain size is around 0.3-0.6 µm. By increasing the thickness the
surface morphology changes (Fig. 4.20(b)-(h)). The substrate surface is then covered
with films consisting of large grains with 0.5-1 µm in the lateral scale. For samples with
a film thicknesses between 200 and 1000 nm, the grain size does not change considerably
Figure 4.19: d-value obtained from XRD analysis for a perylene single crystal, and perylene
films deposited with different thicknesses on Al2O3/glass, Al2O3/Si or Au.
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Figure 4.20: (a)-(h) show the AFM images (scan size of 5 × 5 µm2) for perylene films with
different thicknesses grown on Al2O3/Si. The thicknesses for (a)-(h) samples are 100, 200, 300,
400, 500, 700, 1000, and 2000 nm,respectively.
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by increasing the film thickness. But for the thickest film (2000 nm), the grains becomes
larger (1-1.5 µm) and adopt a rectangular shape.
These trends can be explained as follows: the initially mobile perylene molecules move
over the substrate surface and aggregate to form a high density of grains (in 100 nm
sample). The further increase of the grain size can be considered as a consequence of the
coalescence of the grains. During subsequent growth these grains start to overgrow each
other. As shown in Fig. 4.20(h), the aggregation of the grain is clearly visible.
Compared with the previous series, which had been deposited on a glass substrate, [20]
these new samples, deposited on a Si substrate, have a smaller average grain size. For
example, the 700 nm thick perylene film contains grains with a size of around 1.5 µm on
a glass substrate and 1 µm on the Si one. Hence, to understand the effect of the substrate
and its surface free energy, a drop shape analysis was carried out. The average surface
free energy of Al2O3/Si and of Al2O3/glass was determined by contact angle measure-
ments, according to the theory of Owen, Wendt, Rabel, and Ka¨lble (OWRK) [71]. These
measurements performed for three different liquids: deionized Water, diiodomethane and
ethylene glycol. More details of this analysis are found in [72].
Sample Surf.Eng. (N/m2) Method
Al2O3/Si 31 ± 7 OWRK
Al2O3/glass 65 ± 17 OWRK
Table 4.1: Surface free energy measured for different samples.
In order to explain the different grain size of perylene deposited on Al2O3/glass and
Al2O3/Si, we have performed drop angle measurement. According to the results obtained
from the drop shape analysis (table 4.1), the surface free energy for Al2O3/Si is obviously
lower than that for Al2O3/glass. Consequently, the lower surface free energy leads to the
low tendency of surface wetting and to smaller nuclei. Therefore, the arriving organic
molecules prefer to stick to the other organic molecules rather than to wet the substrate,
hence, they form grains of a smaller size.
From these AFM images, the density of grains and dislocations were calculated as depicted
in Fig. 4.21(a). For perylene/Al2O3 on Si samples with low thicknesses (< 500 nm), the
small grain size leads to a high grain number density. The grain size increases for the
thicker films, which results in a decreasing number density of grains. The formation of
dislocations can be observed at 100 nm. The density of grains is higher for the thin
sample but some of them have no dislocation. By further increasing the film thickness,
however, almost each grain has a screw dislocation (see Fig. 4.21(b)). The dislocation
and grain number density show the same trends and both decrease with an increasing
film thicknesses.
The roughness of the surface is derived from the AFM result and demonstrated in Fig.
4.22(a). The height-height correlation length of the films has been calculated to quantify
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Figure 4.21: (a) Dislocation and grain number density and (b) number of dislocations for each
grain obtained from AFM images for perylene on Al2O3/Si.
Figure 4.22: (a) Surface roughness and (b) correlation length results obtained for
perylene/Al2O3/Si.
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Figure 4.23: X-ray diffraction (θ-2θ) patterns obtained for 1000 nm perylene deposited on Si
and glass. In order to compare the intensity the (100) peak is shown in inset.
the grain size of the surface in more detail (Fig. 4.22(b)). For lower thicknesses (below
1000 nm) the calculated correlation length is around 1 µm and increases to 1.5 µm for the
highest thickness, which is in agreement with the grain size. According to the definition
of the correlation length, this agreement can be explained by the fact that all grains have
a mound shape. Therefore, the distance between their highest points could give us an
estimation of their lateral size. The increasing of the grain size as a function of thickness
can be explained in the same way that were explained for perylene/Al2O3/glass samples:
The grains overgrow and coalesce by increasing the thickness.
The results obtained from the XRD measurements show a high crystalline quality for
the samples grown on the Si substrate. In comparison to the samples deposited on glass
substrates, the samples on Si have a similar ordering but less crystallinity. XRD results
of perylene samples deposited on two different substrates have been compared in Fig.
4.23. The crystalline structure does not change for the different substrates and all grains
show an ordering in (100) direction, perpendicular to the surface. However, the higher
the intensity of the XRD peak is, the better the crystallinity is. Perylene films grown on
top of a glass substrate show better crystallinity, that plays a key role for the success of
OFETs.
Sample exp. thick(nm) Interface thick. Film thick. Roughness Density(g/m3)
700 56 652 7 1.30
Table 4.2: XRR result for perylene sample deposited on Al2O3/Si
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Figure 4.24: Simulation of XRR result of (700 nm) perylene film deposited on Al2O3 on Si.
The blue and red color is related to the two different structures.
XRR measurements have been performed to improve our knowledge about the structure
of the perylene film deposited on Si. The most important part of this analysis is a
simulation of the resulting data to extract the film properties. Typically it is not possible
to determine the film thickness higher than 200-300 nm by XRR analysis, but in this case
there were some features on the curve which were directly correlated to the organic film
thickness. The key feature was the depth of dent observed in the first part of XRR curve
(see the magnified image presented in Fig. 4.24) which it was considerably changed by
organic film thickness. The error bar of thickness determination in this way is better
than ±5nm. The preliminary model simply consisted of an organic layer (with a density
around 1.3 g/cm3) on Al2O3 on Si substrate which is shown by the red line in Fig. 4.24.
This model does not fulfill all the features of a curve. Another structure has thus been
considered. In this new model, one extra organic thin layer with a low density (around
0.3) has been considered in the interface of perylene and Al2O3. Figure 4.24 present a
comparison between these two model. The new model is totally improved the simulation
and consequently the accuracy of the results. Table 4.2 presents the result for the sample
700 nm as an example.
As described in sect. 3.16, there exists a system which can be attached to the XRD
system in order to make XRR or XRD measurement and simultaneously heat the sample.
This technique makes it possible to study the change of film structure as a function of
temperature. For example it is possible to see the probable crystalline phase change,
d-value or crystallinity of the film during the heating. In situ XRD measurements have
been performed for sample consisting of 200 nm perylene on Al2O3, and the sample
was measured by AFM after cooling down. By measuring the crystalline structure of
the sample during heating, it became possible to understand the impact of temperature
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on the crystalline structure. The result presented in Fig. 4.25 shows a clear trend of
microstrain, d-value (distance between two crystalline parallel plane), integral intensity
and broadening of XRD peak.
(a) d-value (b) Grain size and microstrain
(c) Peak broadening (d) Integral intensity
Figure 4.25: XRD result of perylene sample (200nm) deposited on Al2O3/Si before and after
annealing up to 100◦C . The result compare the different parameters of the sample at different
substrate temperatures with the value after annealing.
According to the result which is presented in Fig. 4.25, the d-value of the perylene
layer (distance between two successive plane in (100) direction) has been increased by
increasing the temperature. This increasing can be attributed to an harmonic effect, i.e.
the small expansion. From the d-value we obtain α = 1.01 ×10−4 which is comparable
with the α value reported for PTCDA [73]. Although the d-value decreased after cooling
down, it did not reach the initial value, which can be due to irreversible changes of the
crystalline lattice upon heating.
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Figure 4.26: AFM image of perylene sample (200nm) deposited on Al2O3/Si before and after
annealing up to 100◦C
Actually thermal treatment is considered as a source of stress and strain in the crystalline
lattice. Similar to the dislocation, which induces strain field in the film, thermal treatment
also causes peak broadening and the introduction of microstrain and macrostrain in the
lattice. This effect will be dominated by increasing the temperature as shown in Fig.
4.25(b) and (c). The microstrain value is not the same before and after heating the
sample. It can be related to the increase in the grain number density and consequently
the increase in of the dislocation density in the film. The remakable point here is that after
cooling the sample, the peak width decreased and crystallinity was improved accordingly.
This is in agreement to the result of Fig. 4.25(d). As we expected, the crystalline quality
improved after cooling and relaxation of the molecules in the organic layer.
The data point of the AFM analysis for heated samples has been included in figures 4.21
and 4.22 previously. The remarkable and unexpected phenomena is the formation of
smaller grain size after heating the sample which is revealed in Fig. 4.26. Actually in the
left hand side image there is some effect of double tip of AFM tip and some of the grains
are not real grain and they just artificially formed. Typically the grains must become
bigger after heating due to the coalescence. But in this case they become smaller and the
density of grains increases.
4.5.2 Growth of perylene on Au(111)/glass(D263)
The samples were deposited on glass substrates, precoated with a 50 nm thin crystalline
Au layer with a (111) orientation. Figure 4.27 shows the morphology of perylene films
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Figure 4.27: (a)-(g) show AFM images (scan size is 10×10 µm2) for perylene films with
different thicknesses grown on Au layer. The thicknesses for (a)-(f) samples are 50, 100, 200,
300, 400, 700, and 1000 nm, respectively. Fig. (h) is the edge-contrast view of a 1000 nm sample,
for which the scan size is 5×5 µm2.
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with different thicknesses grown on top of Au(111) layers. In the case of the thinnest
sample (50 nm, see Fig. 4.27(a)), the film does not completely cover the gold surface and
the grains have a non-uniform rod shape. By increasing the thickness, the grains develop
from the small rod-like shape toward a rectangular and large form. This shape transition
appears from 200 to 300 nm i.e. Fig. 4.27(c)-(d). Furthermore, there is no visible
evidence of screw dislocations for any of these samples, except for the thickest sample of
1000 nm (see Fig. 4.27(h)).
Figure 4.28: Surface roughness obtained from AFM analysis for perylene samples deposited
on Au/glass with different thicknesses.
This change in grain shape is also confirmed by the roughness analysis, which is summa-
rized in Fig. 4.28. The diagram shows a gradual decrease of the roughness down to 29.3
nm for the sample with 300 nm of perylene where the Au substrate is completely covered.
The molecular layers slowly change their growth behavior until almost all rod-shape is-
lands have disappeared. In this intermediate region the roughness does not change and
remains around 35 nm. For the thickest sample, the roughness decreases slightly again as
the grain size becomes bigger and the maximum value is 20 nm. Altogether, the roughness
of the perylene films deposited on Au is considerably higher than for the perylene layers
evaporated on Al2O3.
In the case of the small grains, the height-height correlation length is around 0.5 µm (Fig.
4.28(b)). Increasing the film thickness leads to bigger grains and a higher correlation
length. The transition from low correlation length to high correlation length occurs at
the same thickness as the grain shape transition. The highest roughness was observed for
films below 200 nm since the film is not yet fully coalesced and the grains grow strongly
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(a) 60 nm Al2O3 on Si (b) 60 nm Al2O3 on D263
(c) 50 nm Au on D263 (d) pure D263
Figure 4.29: Overview on the surface of the different substrates.
in the vertical direction. As soon as the islands coalesce the roughness decreases since the
growth shifts towards the horizontal plane and the grains with flat tops have formed.
For a better understanding of the surface properties, the different uncoated surfaces are
also examined by AFM and the results are summarized in table 4.3 and Fig. 4.29. The
Al2O3-layers on D263 and on a Si wafer have extremely low roughness values of 0.27 and
0.22 nm. The AFM-images confirm these values. Surprisingly the roughness of Au film
deposited on glass is relatively low (Srms < 1.3 nm). This means that the different growth
mode and high surface roughness of perylene deposited on Au can not be attributed to
the surface roughness of the bare Au substrate.
An XRR analysis was performed for these samples in order to determine the thickness,
roughness and density of perylene films deposited on an Au bottom layer. The result has
been summarized in table 4.4. The simulation of the XRR curve was rather complicated
since the density of perylene compared to that of the Au is very low. Hence there is no
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Substrate type Roughness [nm]
60 nm Al2O3 on glass 0.27
50 nm Au on gals 1.26
60 nm Al2O3 on Si 0.22
pure glass (D263) 0.20
Table 4.3: Roughness of the different substrate types
Sample exp. thick(nm) Gold thick. Film thick. Roughness Density(g/m3)
50 54.5 51.9 7.3 1.13
100 54.6 110 1.5 1.27
200 54.6 189 6.5 1.27
300 53.7 304 4.5 1.27
500 55.6 515 2.6 1.28
700 55 695 6.3 1.26
1000 55.5 1007 5.3 1.26
Table 4.4: XRR result for perylene sample deposited on Al2O3/Si
Figure 4.30: (a) and (b) show XRR curve for perylene samples with different thicknesses grown
on Au/glass. The effect of thickness and density is reflected in the first part of the curve. The
thickness of (a) is 200 nm and for the sample (b) is 400 nm
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pronounced effect due to the perylene film in the resulting XRR curve. As it is clear in
Fig. 4.30, there is some weak evidence in the first part of the curve (before total reflection
edge) which make it possible to estimate the thickness and density of the film, but it is
clear that this simulation suffers from a large uncertainty for the perylene film.
Using XRD in (θ, 2θ) mode, the evolution of the crystalline order has been explained
as follows: Fig. 4.31 depicts the sequence of X-ray diffractograms obtained for different
thicknesses. There is no strong evidence of a crystalline structure for the thin films (<
300 nm), and the (111) peak from the Au substrate emerges clearly. This means that
almost no grain with a perpendicular orientation exist on the substrates. However, the
grains begin to order in (100) direction, perpendicular to the substrate and parallel to the
c-axis and for the thicker films where the AFM images changed from rod-like structures
towards more irregular grains. Also, as it is shown in Fig. 4.27(h) there is evidence of
dislocation formation for thickest sample.
Figure 4.31: XRD curve for perylene samples with different thicknesses grown on Au/glass.
4.6 Mechanism of perylene growth on different substrate
In order to explain the different growth behaviors of perylene film deposited on different
substrates, we proposed two models on the basis of our results and the previous studies
which are demonstrated in Fig. 4.32. These different growth models can be attributed to
different molecule-substrate interactions. If the molecule-substrate interaction is weak, as
in the case of van der Waals interaction on Al2O3 substrates (see Fig. 4.32(a)), molecules
will stand almost perpendicular to the substrates [74]. But if the molecule-substrate
interaction is strong enough in comparison to the molecule-molecule interaction, molecules
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will be adsorbed in a lying geometry i.e. the molecular plane is parallel to the substrate
surface (see Fig. 4.32(b)). This has been observed for numerous metallic, semiconductor,
and alkali halide substrates [9, 17, 75]. For the perylene samples deposited on Au layer
and with a thickness over 200 nm, the substrates have been completely covered by the
perylene molecules and the effect of substrate interaction is eliminated. Subsequently, the
molecules begin to order in (100) direction, which is expected from crystalline growth.
The strength of the interaction between two surfaces varies with the density of interaction
sites at each of the surfaces. The interaction strength of molecules to a surface with a
given density of interaction sites is initially proportional to the density of binding sites
at the molecules. Amorphous and inert substrates in fact have weak interactions with
the physisorbed molecules. Since there are no well-defined adsorption sites for large or-
ganic molecules due to the low symmetry of the substrate ,the standing geometry could
be favorable for a significant part of the first monolayers [7, 9, 64]. Thus, the molecular
orientation for the rest of the film growth process is restricted to a standing geometry
in the first layers. On the other hand, there exist adsorption sites for the metallic sur-
face, e. g. Au (111), which enable strong substrate-molecule interactions in most cases.
Consequently, a lying adsorption geometry is favorable.
The growth of perylene films, their morphology and crystalline structure have been stud-
ied on two different substrates: amorphous aluminum oxide and crystalline gold. The
grain size for both series of samples increased with rising thickness due to the molecu-
lar aggregation and overgrowth for the thicker films. Importantly, the films deposited
on Al2O3 demonstrated a highly textured crystalline structure where, as similar samples
deposited on Au layers present a weak crystallinity, even for thick films. Thus, pery-
Figure 4.32: (a) and (b) represent two models of growth for the perylene film deposited on
Al2O3 and on Au substrates, respectively.
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lene molecules grow in a standing geometry on amorphous substrates, whereas the lying
growth geometry is more preferred on some metallic substrates e.g. Au(111) [17,64].
5 Results of amorphous organic thin films
Organic semiconductors have been known for more than 50 years as an alternative to
inorganic semiconductors. They promise low cost products with tailored properties that
should be easy to manufacture. Various applications and products have been suggested
and realized, including light emitting diodes, solar cells and thin film transistors. Among
the most promising and mature applications are organic light emitting diodes (OLEDs).
OLEDs are of considerable interest owing to their attractive characteristics and potential
applications for flat panel displays because they offer high luminance, low power consump-
tion, and full color capability. OLEDs prototypes consisting of sequentially deposited lay-
ers of hole- and electron transport materials have been demonstrated with active device
thicknesses of only a few hundred nanometers [31, 76]. In organic light emitting devices
(OLEDs), photons are generated by a binary recombination process of holes and electrons
in the emissive layer. In other words, a balanced injection of positive and negative charge
carriers into the emissive organic layer is crucial for achieving high quantum efficiency [77].
This yield depends upon the probability of radiative electron-hole recombination, which
is highest for amorphous materials where the electron and hole mobilities are low [31].
Tris-(8-hydroxyquinoline) aluminum (Alq3) and N,N’-diphenyl-N,N’-bis(1-naphthyl)-1-
1’biphenyl-4,4”diamine (α-NPD) are among the most commonly used electron-transport
and hole-transport materials in OLEDs. For a better understanding and design of Alq3
and α-NPD thin film based devices, a knowledge of the structure of such materials is there-
fore a necessity. The recently developed organic vapor phase deposition (OVPD) process
is well suited for thin film deposition of such materials on large-area substrates [57,78].
This chapter focuses on the recent result of our analysis on the structural parameters
such as thickness, roughness and density (all obtained from XRR technique) of these
two amorphous organic material and some more. The thickness obtained in this way is
compared with the ellipsometry result. Some of the samples were analyzed by in situ
heating and simultaneous XRR measurement. The structural evolution of these samples
under annealing has been studied in detail.
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5.1 Alq3 amorphous layer
Figure 5.1: Chemical structure of Alq3 molecule.
Alq3 is a stable metal chelate that can be sublimed to yield amorphous thin films and is
one of the most successful organic materials used in OLEDs. The typical OLED struc-
ture consists of two layers, a hole-transport layer involving a diaminelike molecule and
an electron-transport layer based on Alq3, which are sandwiched between two charge-
injecting electrodes. To date, the most widely used electron-transport and host emitting
material in OLEDs is Alq3. This is because Alq3 is thermally and morphologically stable
so that it can be evaporated into thin films, easily synthesized and purified. It is a good
host-emitter and one of the most robust electron-transport backing layers in OLED [76].
It has been discovered by the time-of-flight technique that the drift mobility of electrons
in Alq3 is increased by about two orders of magnitude (to 10
−4 cm2/(V s)) when the
deposition rate decreases from 0.7 to 0.2 nm/s [79]. Attempts were also made to improve
the quantum efficiency, thermal stability and thin film morphology of Alq3 by controlling
the other deposition parameters (such as substrate temperature, deposition pressure, film
thickness and etc. ) [76,80–83].
Figure 5.1 shows the chemical structure of Alq3 (C27H18AlN3O3) organic molecules
with a molecular weight of 459.43, bulk density of 1.423 g/cm3 [84] Tg = 170
◦C and
Tm = 415 − 417◦C [76, 85] that were used in this work and the several series of sample
prepared with different growth parameter that were prepared by two deposition meth-
ods, OVPD and VTE. The film property and relation between growth parameter and
film property is studied in more detail elsewhere [60, 61]. The main focus of this work
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Figure 5.2: XRD result obtained for Alq3 film deposited on Si substrate.
is the characterization of the film morphology and preliminary study of the film thermal
stability behavior.
The first step in controlling thin film morphology is to obtain precise information on the
morphology and structure of the film. In order to see the crystalline structure of an Alq3
sample, several XRD measurements were performed on certain Alq3 samples. As shown in
Fig. 5.2, the films were completely amorphous and the only observable peak belongs to the
substrate (Si(400)). Therefore XRD analysis does not provide much information on the
film structure. Instead, XRR was quite helpful in studding the structure of the film. XRR
is a strong technique for providing valuable information on the film thickness, roughness
and density with uniquely high precision. The accuracy of thickness determination is
better than 1 A˚ and for roughness it is around 10 % of the total roughness and the
uncertainety of the density is around 0.01 to 0.05 g/cm3.
5.1.1 The challenge of determining the organic film density
The determination of the density of organic material is a challenging task and the theory
behind it has to be understood for a better background of its features. For the usual
inorganic films since they have a higher density in comparison with the typical substrates
(i. e. Si, glass), it is easy to distinguish between the film and the substrate (Fig. 5.3).
Therefore during the reflection from the surface, when the angle of incidence becomes
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equal to the critical angle of the film, total reflection occurs at the interface of the film
and substrate and the beam can not pass through the substrate. Then by knowing the
critical angle, it becomes possible to directly calculate the film density. In order to make
this situation clear, a simulation for a Cu film (with a different density and thickness) on
Si substrate was performed and demonstrated in Fig. 5.3. As can be clearly seen in this
figure the edge of total reflection shifts by changing the density of Cu.
The situation is different for an organic layer. In this structure the density of the organic
film is lower than the usual substrate density. Thus the incident beam can pass through
the organic film but can be totally reflected by the substrate. By increasing the incidence
angle, the main total reflection occurs for the substrate, and its density governs the
position of the edge. In the resulting curve there is a small dent before the pronounced edge
which belongs to the organic film. This situation is compared for organic and inorganic
films and is shown in Fig. 5.4. The position of the total reflection edge depends on the
density of the film (critical angle) and the position of the edge will change dramatically
for different densities. The denser the material, the higher the angle of total reflection
edge. By simulating several organic samples, it is estimated that the accuracy of density
determination for organic materials is better than ±0.1 g/cm3. As another example some
of these simulations are shown in figure 5.5(a)-(h). The position of the small cavity
changes by changing the density and it can be used for a density determination of the
organic film. The position of these small cavities is even governed by the thickness (see
Fig. 5.5 (e) and (f)). The curve can best be fitted by choosing the unique and correct
value of density and thickness. The depth of this dent is controlled by the absorption and
thickness of the film.
5.1.2 Compare the thickness obtained from ellipsometry and XRR
Dep. pressure Nominated thick. (A˚) Thick. XRR(A˚) Thick. Ellip.(A˚)
0.4 mbar 571 554 548
0.6 mbar 508 491 489
0.9 mbar 470 449 451
1.35 mbar 499 462 466
1.8 mbar 494 469 468
2.3 mbar 475 459 461
Table 5.1: Comparison of the Alq3 thickness obtained from XRR and ellipsometry.
We need a model to interpret the data obtained from ellipsometry, and in this study we
utilized a theoretical model called Kim optical model for Alq3. The Kim oscillator is
an extension of the simple harmonic oscillator model for vibrational modes suggested by
Kim et al. [86] which allows a continuous shift of the line shape between a Gaussian and
a Lorentzian profile. To see the validity of this model, a series of samples which were
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Figure 5.3: shows the dependence of the edge position on the density of an inorganic film
Figure 5.4: shows the dependence of the edge position to the density of material.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 5.5: Overview of a XRR simulation. (b), (d), (f) and (h) show enlarged sections of figs.
(a), (c), (e) and (g), respectively.
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deposited by OVPD technique at different pressures and with a deposition rate of 10
A˚/s and substrate temperature of 45 ◦C were analyzed by both XRR and ellipsometry.
The thickness value obtained from these two techniques is summarized in table 5.1 and
Fig. 5.6. By comparison it was found that the generalized Kim model can determine the
optical response and structural properties of Alq3 samples with a good agreement with
the results obtained from XRR.
Figure 5.6: Comparison of thickness obtained from XRR and ellipsometry for the samples
deposited under different chamber pressures and a deposition rate of 10 A˚/s.
The temperature stability is a crucial issue for OLED applications since organic materials
typically have low melting points. In order to precisely determine-temperature induced
changes of the film thickness, roughness and density, we have designed and fabricated a
new temperature chamber which is attached to the X-ray machine. With this technique we
are able to heat, control and measure the temperature of the sample and simultaneously
perform XRR measurements. The system consists of a heating plate, thermocouple,
cooling system and sample holder to hold the sample tightly in a precisely controlled
position.
XRR measurements have been performed for an Alq3 sample which was prepared by
OVPD technique at a deposition rate of 2 A˚/s and at room temperature. The measure-
ment began at room temperature and was then continued by heating the sample up to 50,
75, 100, 125 and 150◦C. Then the XRR curves were simulated. The results obtained are
summarized in Table 5.2. The data show an increasing thickness with increasing temper-
ature which is due to the thermal lattice expansion of the film. Accordingly, the density
of the film at least partly decreases with an increasing film thickness. The roughness of
the film decreases slightly when the temperature increases and the film becomes a little
smoother. After subsequent cooling the film thickness and density do no return to its ini-
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Heating condition Film thickness(A˚) Roughness(A˚) Density(g/m3)
20◦C Air atmosphere 1243 6 1.305
50◦C N2 atmosphere 1243 5 1.30
75◦C N2 atmosphere 1241 5 1.29
100◦C N2 atmosphere 1246 5 1.30
125◦C N2 atmosphere 1260 5 1.27
150◦C N2 atmosphere 1267 5 1.27
20◦C N2 atmosphere 1255 5 1.27
Table 5.2: In situ XRR-heating for Alq3 sample deposited on Si by OVPD technique
tial value prior to annealing. This also indicates possible irreversible film changes which
will be studied in more detail in subsequent experiments.
5.1.3 Calculation of the thermal expansion coefficient of Alq3
It can be shown that the decrease in density during heating is due solely to the expansion
of the film and increasing thickness of the film. From the one-dimensional expansion
equation, we have:
∆l
l0
=
l0 α .∆T
l0
= α · ∆T (5.1)
where l0 is the length of the film (thickness) and l is the length of the film at temperature
T, ∆l is the change in length due to heating and α is the thermal expansion coefficient.
By applying Eq. 5.1 for the result presented in table 5.2 and considering l as the thick-
ness value obtained from XRR analysis it is possible to calculate the thermal expansion
coefficient of Alq3. As an example of the aforementioned sample we have:
l0 = 1243 A˚ , ∆l = 1267-1243 = 24 A˚ and ∆T = 150 - 20 = 130
◦C
α =
24
1243× 130 = 1.48× 10
−4/◦C
This value obtained for Alq3 is comparable with the thermal expansion coefficient of
PTCDA (an organic material) namely is 0.65 ×10−4 [73]. In order to calculate the reduc-
tion in density of the film due to the expansion of film, we have:
∆ρ =
m1
V1
− m2
V2
To calculate the density change, the first assumption that we considered is that the
total mass of the layer does not change during heating (which means that the heating
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temperature is low enough to avoid partial evaporation of the organic film). This means
that m1 = m2 = m. For V, volume of the film we have V = A × t , where t is the
thickness and A the area of the film. The first assumption that we considered is that
during heating the change in area of the silicon substrate (≈ 2cm2) can be ignored. In
other words, A1 = A2 = A. By considering these two assumptions and the density value
which we obtained from XRR (refer to table 5.2 at room temperature ρ = 1.305g/cm3),
we can estimate the total mass of the organic layer deposited on the Si substrate:
m = ρ× V = 1.305× 2cm2 × 1243 A˚ = 3.244× 10−5g. (5.2)
The m value calculated from Eq. 5.2 can be used to calculate the density change as
follows:
∆ρ =
m
A
(
t2 − t1
t2t1
) =
3.244g
2cm2
× 24× 10
−8cm
1243× 1267× 10−16cm2 = 0.025g/cm
3 (5.3)
By referring to table 5.2, the result obtained from XRR, we have ∆ρ = 0.035 g/cm3 and
by considering the error bar of XRR density determination, it is in good agreement with
the value obtained from the calculation (∆ρ = 0.025 g/cm3).
Furthermore, a series of Alq3 samples produce by VTE technique was analyzed by the
XRR-heating in situ technique and the results obtained are summarized in table 5.3. The
expansion coefficient obtained for these Alq3 samples is 1.35 ×10−4 which is very close to
the previous value. The calculated density variance is thus 0.02 g/cm3, which is close to
the variance obtained directly from XRR ( 0.04 g/cm3).
Heating condition Film thickness(A˚) Roughness(A˚) Density(g/m3)
20◦C Air atmosphere 1127 6 1.29
50◦C N2 atmosphere 1133 6 1.29
75◦C N2 atmosphere 1139 5 1.28
100◦C N2 atmosphere 1151 6 1.22
125◦C N2 atmosphere 1143 7 1.25
Table 5.3: In situ XRR-heating for Alq3 sample deposited on Si by VTE technique
5.2 α-NPD amorphous layer
As has been mentioned previously, the most typical structure of an OLED consists of
two organic layers, namely a hole-transporting layer and an emitting layer. The thermal
stability of the device characteristics is primarily limited by the morphological stability
of the organic layer and the hole-transporting layer in particular [87]. Aromatic amines
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are commonly used for the hole-transporting layer, because they have an excellent hole-
transporting ability and good film-forming ability. α- diphenylnaphthylbiphenyl diamine
(α-NPD) is extensively used as a hole injection and transport material in OLEDs. Room
temperature deposition produces stable amorphous films.
Figure 5.7: Overview of chemical structure of α-NPD molecule.
We have studied different series of α-NPD samples which are mainly used in OLED as a
representative material for the hole-transporting layer. We will report on the result of the
thermal stability of α-NPD films prepared by the OVPD technique using a combination
of XRD, XRR and ellipsometry measurements here.
Figure 5.7 shows the chemical structure of α-NPD (C44H32N2) molecules. α-NPD is an
organic material with molecular weight of 588.74, Tg = 95
◦C and Tm = 281◦C [85] which
was used in our work. α-NPD is not as chemically stable as Alq3 samples, therefore, sam-
ples should be analyzed shortly after deposition. Several series of samples with different
growth parameters were prepared by the OVPD deposition technique. The relation be-
tween growth parameter and film property in these samples is studied elsewhere in more
detailed [60, 61]. Similar to the Alq3 samples, some α-NPD samples are also analyzed
by XRD to understand the crystalline structure. As is shown in Fig. 5.8, the film was
completely amorphous and the only visible peak was in the substrate (Si(400)).
A XRR-heating in situ analysis was performed to characterize the thermal stability be-
havior of the α-NPD thin films. The sample was prepared by the VTE technique and at
a deposition rate of 10 A˚/s on Si substrate. The substrate was covered by a thin native
silicon oxide layer. The sample was heated up to 125 ◦C in several steps and a XRR
analysis was performed in each step. The results obtained are summarized in table 5.4.
They clearly show that the film expands by heating.
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Figure 5.8: XRD curve obtained for a α-NPD sample.
Heating condition Film thickness(A˚) Roughness(A˚) Density(g/m3)
20◦C Air atmosphere 1124 9 1.12
50◦C N2 atmosphere 1144 15 1.11
75◦C N2 atmosphere 1132 8 1.11
100◦C N2 atmosphere 1161 9 1.11
125◦C N2 atmosphere 1178 10 1.08
Table 5.4: In situ XRR-heating for α-NPD sample deposited on Si by VTE technique
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The thermal expansion coefficient calculated by using the data obtained from XRR. The
thermal expansion of α-NPD calculated in this way is 4.57 ×10−4/◦C. Compared to Alq3,
the thermal coefficient of α-NPD is three times higher. The density of the film decreases
by the expansion of the film and the density variance obtained directly from XRR is 0.04
g/cm3 (1.12-1.08). On the other hand, the density variance can be calculated on the basis
of the change in the thickness of the sample which has been described in sect. 5.1.3. The
value obtained in this way (by using Eq. 5.3) is 0.05 g/cm3 which correlates well with the
aforementioned value.
5.3 DPVBI
In spite of several reports on blue OELDs, only a limited number of materials are prac-
tically applicable in terms of brightness and stability. First, DPVBi or 4,4’-bis(2,2’-
diphenylvinyl)biphenyl has developed by the Idemitsu Kosan Company [88]. The blue-
emitting devices based on DPVBi achieved a high luminous efficiency of 6 lm/W in a
doped configuration and color chromaticity indicated a bluish-green emission, not pure
blue [89]. Furthermore, DPVBi is widely used in the structure of white OLEDs.
Figure 5.9: Schematic view of DPVBI molecule
The molecular weight of DPVBi (C40H30) is 510.68 and its melting point is 207
◦C. The
glass transition temperature of DPVBi is relatively low (Tg 64
◦C), which renders it sus-
ceptible to crystallization and consequent failure of the device [90]. From our experience,
the DPVBi samples were very unstable and degraded easily even under N2 atmosphere.
Therefore, it was a challenge to analyze such samples.
It is clear that improving the thermal stability of the organic materials leads to a better
quality of the organic-light emitting diode, hence it is reasonable to characterize the
thermal stability behavior. The in situ XRR-heating analysis was performed for the
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Heating condition Film thickness(A˚) Roughness(A˚) Density(g/m3)
20◦C Air atmosphere 1124 5 1.11
50◦C N2 atmosphere 1157 16 1.11
75◦C N2 atmosphere 1180 70
Table 5.5: In situ XRR-heating for DPVBi sample deposited on Si by VTE technique
DPVBI samples which were deposited by the VTE technique with a deposition rate of 10
A˚/s and on a Si substrate. The sample was gradually heated up to 75◦ C since it degraded
at higher temperatures and it was not possible to measure such a degraded rough sample.
The result is demonstrated in table 5.5.
As shown in table 5.5, the roughness increases rapidly by changing the temperature. This
is due to the degradation during the measurement and formation of some rough features
on the surface. It was not easy to simulate the resulting curve, even for the XRR analysis
at 75◦ C, and no value was obtained for the density of the film at this temperature. The
thermal expansion coefficient of DPVBI film was calculated on the basis of XRR and is
equal to 9.9 ×10−4/◦C. This value is higher than the value obtained for Alq3 and α-NPD
materials, but the error bar is higher as well since the roughening of the sample affects
the average thickness value obtained from XRR analysis.
5.4 Other organic amorphous layer (S-DPVBi)
Figure 5.10: Schematic view of S-DPVBI molecule
Spiro- DPVBi (2,2’ ,7,7’ -tetrakis(2,2’-diphenylvinyl)spiro-9,9’ -bifluorene) was produced
by modifying the DPVBi molecule in order to increase the glass transition temperature
-and consequently to improve structural stability. This is a blue emitter material with a
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molecular weight of 1029.34, melting temperature of 242◦C and glass transition temper-
ature of 130◦C [91]. It is more stable the DPVBi but is still an easily degrading material
even under N2.
Similar to the other mentioned material in this chapter, S-DPVBi has also been analyzed
by the in situ XRR-heating method too. The thickness, roughness and density value ob-
tained in this way is presented in table 5.6. The S-DPVBi film was more stable compared
to the DPVBi film and it was possible to heat the sample up to 125◦C. The other re-
markable point is that, in contrast to the DPVBi sample, the roughness of the S-DPVBi
sample decreases by increasing the temperature and the film becomes smoother. The
thermal expansion coefficient of S-DPVBi film is calculated on the basis of XRR results.
The calculated thermal expansion coefficient is 3.3 ×10−4/◦C which is comparable to the
thermal expansion (between 20 and 125◦C) of the α-NPD film.
Heating condition Film thickness(A˚) Roughness(A˚) Density(g/m3)
20◦C Air atmosphere 1177 12 1.13
50◦C N2 atmosphere 1188 12 1.11
75◦C N2 atmosphere 1195 9 1.01
100◦C N2 atmosphere 1188 1.04
125◦C N2 atmosphere 1219 4 1.06
Table 5.6: In situ XRR-heating for S-DPVBi sample deposited on Si by VTE technique
6 Summary and outlook
6.1 Summary
The growth behavior of perylene thin films deposited with different deposition rate and
thicknesses were studied. The substrates produced for these series are 60 nm Al2O3
on glass (D263). All films have been analyzed by XRD and AFM. In the initial stage
of growth the perylene samples show high crystalline ordering and formation of screw
dislocation.
For the samples produced with different deposition rates, the film which deposited with
low deposition rate (< 2.5 A˚/s) shows better crystalline ordering. The crystallinity is
an important issue in improvement of organic-based field effect transistors. Furthermore,
the sample produced by this deposition rate has a larger grain size in comparison to the
higher deposition rate. The larger grain size leads to the lower grain boundary density, and
consequently it can increase the conductivity of the film. Accordingly the next samples
were deposited with an optimized deposition rate of 2 A˚/s.
The growth processes of perylene films with different thicknesses are followed by XRD
and AFM. By increasing the thickness of the film the grains become larger which is due
to the coalescence of the grains. The calculated correlation length shows a similar trend
as a function of thickness. Concerning the results obtained from XRD, it is found that
the thicker samples have better crystallinity.
Moreover, we have followed the respective growth mechanisms of perylene on the Al2O3/Si
and on Au/glass with AFM and XRD. The thickness series deposited on Si sub-
strate demonstrates the similar behavior to the above named series (series deposited on
Al2O3/glass). There are only small differences between them. The grains in the Si series
were smaller in comparison to the glass series which we speculate it is due to different
surface free energy of the two substrates.
The thickness series deposited on the Au/glass presents a poor crystalline ordering. The
grain formation was not similar to the series deposited on the Al2O3 layer. We have
identified two different growth mechanisms. The growth on the dielectric shows standing
up arrangement, it means that almost all grains are arranged to stand up on the Al2O3
surface. This facilitates the formation of films with high crystallinity and distinct grain
boundary. It is also disclosed that the growth is screw dislocation assisted. In contrast,
the molecules which sit on the Au/glass layer prefer to lie on the surface and only for
thick films (>700 nm) they start to stand up.
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For the perylene on Al2O3 layer, the interaction between perylene molecules is stronger
than the perylene-substrate interaction and the molecules prefer to grow with the long-
molecular axis, almost perpendicular to the substrate. In the case of perylene on Au(111)
layer, the strong interaction with the substrate force the molecules to lie with the long
axis parallel to the substrate. For the thinner sample, molecules grow with the molecular
stacking axis, parallel to the substrate, at higher coverages a morphological transition
takes place and the standing of the molecules is perpendicular to the substrate. Tak-
ing into account the identifying characteristics of organic molecules (weak intermolecular
bonding and highly anisotropic interactions) is crucial to understand and to control the
film growth mechanism of perylene films.
In the chapter 5, we investigated the thermal stability of some organic amorphous film
by utilizing the in situ XRR-heating technique. Alq3, α-NPD, DPVBi and Spiro-DPVBi
were chosen for measuring since they are the main materials used in the OLED structure
as hole transporting or electron emitter material. The amorphous state of these samples
has been proven by the XRD analysis. Even by further heating the samples they do
not become crystalline. By employing this method it becomes possible to calculate the
thermal expansion coefficient of the organic film. There are no reference values available
for these materials, but by comparing them with other organic molecules, the values
obtained seem reasonable. According to the results, thermal expansion coefficient of
α-NPD and S-DPVBi were lower than the once for the DPVBi sample.
6.2 Outlook
In the light of the results obtained in this work, a few items will be mentioned, which will
give reason to further examinations of perylene thin films:
Dislocation densities in perylene thin films can be explored by means of X-ray diffraction.
Dislocations contribute to the XRD peak broadening and to diffuse scattering. Principally
it is possible to investigate quantitatively the dislocation density from XRD result. The
analysis is on the basis the peak broadening of rocking curve analysis [92]. It will be helpful
to study the effect of dislocation denity on electrical and morphological properties.
In general, it will be helpful to extend the investigation of the very thin perylene layers
to understand the formation of the first few layers, the effect of substrate on the growth
mechanism and the emergence of screw dislocations in more detail.
The conductance of experiments with doped perylene or organic semiconductors other
than perylene seems interesting. Some molecules such as PTCDA (which is actually a
derivative of perylene) and Antracene recently became attractive which is mainly due to
the formation of highly textured and more stable films. This molecule is mainly used as a
model system to understand the growth process. Also studies of the performance of this
material in thin film transistors may lead to a deeper understanding of the performance
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of OTFTs in particular and of charge conduction in organic polycrystalline thin films in
general.
In situ XRD- or XRR-heating technique is a unique way to find out what is happening
during the film heating. Detecting a possible crystalline phase change, changing of the
dislocation density, roughening or smoothening of the surface or even variance of the
density of the organic material during heating, is possible by utilizing the possibilities of
this technique.
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